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Hie k in e t ic s  o f th e  re ac tio n s  between t e t r a - a lk y l t i n s , RttSn,
(R = Me, Et) and m ercury(II) h a lid e s , HgX2 ,(X = C&, I) in  so lv en t e th y l 
a c e ta te  have been s tu d ied  k in e t ic a l ly  a t  v a rious tem pera tu res . The 
sto ich iom etry  o f  th e  re a c tio n s  i s  expressed by equation  (1):
RitSn + HgX2 RHgX + R3SnX . (1)
The re a c tio n s  in  e th y l a c e ta te  fo llow  second-order k in e t ic s , f i r s t -  
o rder in  each re a c ta n t .
From th e  k in e t ic  s a l t  e f f e c t  s tu d ie s  on re a c tio n  (1) (R = E t and 
X = C£) in  e th y l a c e ta te , i t  i s  shown th a t  th e  re a c tio n  proceeds through 
a p o la r  t r a n s i t io n  s ta t e .  The sequence o f r e a c t iv i ty  among th e  a lk y l 
groups fo r  re a c tio n  (1) (R -  Me, E t and X = C£, I) i s  shown to  be Me > E t 
This sequence has been used by previous workers as evidence fo r  mechanism 
S^2(open). By analogy, th i s  mechanism i s  suggested  fo r  th e  re a c tio n s  in  
e th y l a c e ta te ; th e  s a l t  e f fe c t  s tu d ie s ,  above, provide confirm ation  fo r
th is  suggestion .
/
A ctiv a tio n  param eters fo r  re a c tio n  (1) (R = Me, E t and X = C£, I) 
in  e th y l a c e ta te  were shown to  be c o n s is te n t w ith  mechanism S ,^2 (open) .
The so lv en t e f fe c ts  on th e  v a r ia t io n  o f  the  a c t iv a t io n  param eters 
AG ,^ AH^  and AS  ^ fo r  re a c tio n  (1) (R = Me, E t and X = C£, I) when so lv e n t 
methanol o r a c e to n i t r i le  i s  rep laced  by e th y l a c e ta te  have been d is s e c te d  
in to  i n i t i a l -  and t r a n s i t io n - s ta te  c o n tr ib u tio n s . I t  i s  shown th a t  in  
n ea rly  a l l  cases both  i n i t i a l -  and t r a n s i t io n - s t a t e  e f f e c ts  a re  im portan t 
bu t the  major so lv e n t e f fe c t  i s  on th e  t r a n s i t io n  s t a t e .
R eaction (2) (R = Et and R: = Me, E t, Bu^, C&CH2 CH2 J and (2)
(R = Me and R’ = Me, Et) in  e th y l a c e ta te  has been s tu d ie d  a t  25~C.
RitSn + Hg(0C0Rf)2 RHgOCOR* + RsSnOCOR’ (2)
From tlie  e f f e c t  o f th e  su b s ti tu e n ts  (R1) bn th e  r a te  o f r e a c t io n ,
mechanism Sp;2(open) i s  p o s tu la te d .
R eactions o f p h e n y ltr ie th y lt in  w ith  m ercury(II) h a lid e s  have been 
s tu d ied  k in e t ic a l ly  in  methanol a t  various tem peratu res. The s to ic h io -  . 
m etry o f  th e  re a c tio n  i s  rep resen ted  by equation  (3) (X = C£, I ) :
PhSnEta + HgX2 + PhHgX + E t3SnX (3)
R eaction (3) follow s second-order k in e t ic s ,  f i r s t - o r d e r  in  each r e a c ta n t .  
When X = I th e  re a c tio n  i s  follow ed by a f a s t  eq u ilib riu m , equation  (4 ):
E t3SnI + Hgl2 ^  E t3Sn+ + H gll (4)
I t  i s  shown th a t  m ercury(II) ch lo rid e  re a c ts  only v ia  th e  co v a len t sp ec ies  
HgC&2 . The order o f r e a c t iv i ty  among th e  m ercury(II) s a l t s  fo r  r e a c t io n  
(3) in  methanol was found to  be:
Hg(OAc) 2 > HgC£2 > Hgl2 > H gl3 (5)
Added w ater m ild ly  a cc e le ra te s  re a c tio n  (3) (X = C£) w h ils t  i n e r t  s a l t s  
tend  to  r e ta rd  i t ;  th e  a c tiv a tio n  en thalpy  o f  re a c tio n  (3) (X = C£, I)  i s  
q u ite  low, and i t  i s  suggested th a t  th e  t r a n s i t io n  s t a t e  o f  th e  re a c t io n  
resem bles a m-complex ra th e r  than  a a-complex. R eaction (3) (X = C£, I) 
has a lso  been in v e s tig a te d  in  so lv en ts  acetone and e th y l a c e ta te  a t  
v a rious tem peratures. R esults are  s im ila r  to  those found in  methanol 
and s im ila r  m echanistic  conclusions a re  drawn.
I t  i s  concluded th a t  re a c tio n  (3) i s  a s u ita b le  e le c t r o p h i l ic  arom atic 
s u b s t i tu t io n  fo r  s tu d ie s  o f s a l t  e f fe c ts  and so lv en t e f f e c ts .
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INTRODUCTION
SECTION 1
THE BASIC MECHANISMS OF SUBSTITUTION AT AL IPHAT IC  
AND AROMATIC CARBON
In tro d u c tio n
This s e c tio n  i s  in  the  form o f  a general review o f  the  p o ss ib le  
mechanisms o f  e le c tro p h i l ic  and n u c le o p h ilic  s u b s t i tu t io n s  a t  s a tu ra te d  
and u n sa tu ra ted  carbon atoms.
Throughout the  In tro d u c tio n  o rganom etallic  compounds w i l l  sometimes 
be rep resen ted  by RMXn o r ArMXn, where R o r Ar re p re se n ts  th e  group 
undergoing e le c tro p h i l ic  s u b s t i tu t io n  (moving group), MXn i s  the  leav in g  
group con ta in in g  th e  m eta l, and o th e r groups, Xn. The form ula E-N 
rep resen ts  an a tta c k in g  reagen t w ith  E the  e le c t r o p h i l ic ,  and N the  
n u c le o p h ilic  pole o f  th e  reag en t.
S u b s titu tio n  re a c tio n s  a t  th e  carbon atom are  conven ien tly  c la s s i f ie d  
under two headings:
1. Homolytic s u b s ti tu tio n s
2. H e te ro ly tic  s u b s ti tu tio n s
The f is s io n  o f  a bond between a carbon atom and a leav in g  group (L) can 
occur hom oly tica lly  o r h e te r o ly t ic a l ly ,  in  the  l a t t e r  case in  e i th e r  o f  
two ways.
R - L  --------► R» + L* (Homolytic s u b s t i tu t io n )  (1)
r  r * i  ---------* R+ + L~ ) (2)
) (H e te ro ly tic  
^  . ) s u b s t i tu t io n )
R ^ -  L ---------* R" + L ) (3)
Homolytic s u b s ti tu tio n s  (1) can take p lace  a t  a l ip h a t ic  and arom atic 
carbon, b u t although they are  q u ite  im portant they a re  o u ts id e  th e  scope 
o f  th i s  review . H e te ro ly tic  s u b s t i tu t io n  (2) leads to  n u c le o p h ilic  
s u b s t i tu t io n ,  s in ce  th e  a lk y l o r  a ry l group acqu ires  a f u l l  o r  p a r t i a l  
p o s it iv e  charge. In  n u c le o p h ilic  s u b s t i tu t io n  re a c tio n s  (4 ):
the  leav in g  group (L) i s  an e le c tro n eg a tiv e  group such as -Cl ,  -B r, -OH, 
e tc .  Whereas n u c le o p h ilic  s u b s ti tu tio n s  a t  s a tu ra te d  carbon a re  very  w ell 
known'?', n u c leo p h ilic  s u b s ti tu tio n s  a t  u n sa tu ra ted  carbon have n o t been 
as f u l ly  in v e s tig a te d .
H e te ro ly tic  s u b s t i tu t io n  (3) leads to  e le c t r o p h i l ic  s u b s t i tu t io n s ,  
s in ce  the  carbon atom acqu ires a p a r t i a l  o r f u l l  neg a tiv e  charge (5 ):
E R ^ -  L -------- » E - R + L+ .(5)
E le c tro p h il ic  s u b s ti tu tio n s  a t  u n sa tu ra ted  carbon (e sp e c ia lly  arom atic
2 3e le c tro p h i l ic  s u b s ti tu tio n s )  a re  very  w ell known'5 . Although L might
be expected to  be a m etal o r a m etal co n ta in in g  group, la rg e  numbers o f
arom atic e le c tro p h i l ic  s u b s t i tu t io n  re a c tio n s  in v e s tig a te d  have H as th e
+leav in g  group (H form ally  leaves as H ) .  More re c e n tly , e le c t r o p h i l ic
4s u b s t i tu t io n s  a t  s a tu ra te d  carbon have been s tu d ie d  ; th i s  s u b s t i tu t io n  
u su a lly  re q u ire s  m etal o r  m etal con ta in in g  groups to  be a tta c h e d  to  the  
a lk y l (R) group.
Mechanisms o f n u c le o p h ilic  s u b s t i tu t io n  a t  s a tu ra te d  carbon 
unim olecular nucleophi l i c  s u b s t i tu t io n  S^ l  !
The S^l mechanism occurs stepw ise w ith  th e  form ation o f  th e  carbonium 
ion  and i t s  subsequent f a s t  re a c tio n  w ith  a n u c leo p h ile . A ccordingly , the  
k in e t ic s  should follow  a f i r s t - o r d e r  r a te  law, independent o f  n u c leo p h ile  
c o n cen tra tio n . Due to  the  r e v e r s ib i l i ty  o f  th e  f i r s t  (ra te -d e te rm in in g ) 
s te p , many reac tio n s  d ev ia te  considerab ly  from the sim ple f i r s t - o r d e r  
k in e t ic s .
.+c  + N -----— > ...c—  N' (7)
/ \  - v
-d[RX] / d t  = k ik 2 [RX]/(k2 + k _ J x ] “) (8)
However, f i r s t - o r d e r  k in e t ic s  a re  observed when [x]-  i s  very  sm all in  th e  
e a r ly  p a r t  o f  th e  re a c tio n , and a lso  when k2 »  k_ j[x] , s in ce  equation  (8) 
i s  reduced to :
-d[KX]/dt = k,[RX] (9)
A formed carbonium ion  i s  f l a t ,  th e  carbon being  sp2 h y b rid ized ; th e  
th re e  hybrid  o r b ita ls  a re  used fo r  s in g le  bonding, the  rem aining p o r b i ta l  
i s  empty, and th e  nucleoph ile  can be a ttach ed  on e i th e r  s id e .  T herefore 
an S^l mechanism should lead  to  racem ization . I f  th e  n u c le o p h ilic  a t ta c k  
occurs befo re  X has l e f t  th e  neighbourhood o f  the  carbonium io n , p a r t i a l  
in v e rs io n  o f  co n fig u ra tio n  i s  a p o s s ib i l i t y ^.
Bim olecular n u c leo p h ilic  s u b s t i tu t io n ,  S^ T2
In  bim olecular n u c le o p h ilic  s u b s t i tu t io n  re a c t io n s ,  desig n a ted  S^2, 
th e  incoming nucleoph ile  N and th e  leav in g  X" a re  bo th  a s so c ia te d  w ith  th e  
c e n tra l  carbon in  the t r a n s i t io n  s t a t e .  A ccordingly th e  k in e t ic s  should be 
second-order, equation  (10):
Rate = k 2 [n] [rx] (10)
Sj.2 re a c tio n s  in v a r ia b ly  proceed w ith  in v e rs io n  o f  configuration*’’ a t
th e  carbon being  s u b s t i tu te d . Accordingly th e  process can be v is u a l is e d  
as shown below, equation  (11):
\
N + ,C —  X 
1
N— -C X
- / V  -
+ + /  , , , ,  N — C + X (11)
F ro n tie r  o r b i ta l  theory  can account fo r  th is  stereochem ical p re fe ren ce  
7as follow s th e  a tta c k in g  nuceloph ile  has a h ig h -ly in g  occupied o r b i ta l  
which w i l l  in te r a c t  w ith  the a* antibonding o r b i ta l  o f  the  C-X bond,
Fig. 1 (a ) .  Overlap o f  the  H0M3 o f  N w ith  a* o r b i ta l  i s  b e s t  achieved on 
the  r e a r  face o f  th e  carbon, F ig . 1 (b ). An approach from th e  f ro n t  face  is  
prevented  because th e re  i s  no n e t  overlap  o f  H0M3 and LUM3, F ig . 1 (c ) .
a
HOMO o f 
nucleoph ile
LUMD o f su b s tra te
HOMO
C X
LUM3
favourab le)
H0M3
C R eten tio n
(No n e t o v e rlap , 
unfavourable)
FIGURE 1 F ro n tie r  o r b i ta ls  fo r  th e  S^2 re a c tio n
U nified  mechanism o f  n u c le o p h ilic  s u b s t i tu t io n
8 9I t  has been suggested  J th a t  a l l  reac tio n s  o f  n u c le o p h ilic  
s u b s t i tu t io n  a t  a s a tu ra te d  carbon atom proceed v ia  an io n -p a ir  mechanism, 
and th a t  th is  mechanism could accommodate t r a d i t io n a l  S^l and S^2 as w ell 
as b o rd e rlin e  behaviour, equation  (12):
R -  X R+X —  > R -  N + X R eaction w ith  n u c leo p h ile
o r  so lv e n t
. R+ + X" (12)
-R: -  N R eaction w ith  nu c leo p h ile
o r so lv en t
I f  the  ra te -d e te rm in in g  s te p  i s  th e  a tta c k  o f  N on th e  io n -p a ir ,  th e
re a c tio n  w i l l  lead  to  b im olecular n u c le o p h ilic  s u b s t i tu t io n ,  S^2. On the
+o th e r hand, i f  th e  form ation o f R i s  the  ra te -d e te rm in in g  s te p ,  then  S^l
8 9type k in e tic s  i s  th e  r e s u l t .  Sneen 9 has summarized th e  evidence fo r  
the u n if ie d  mechanism, and McLennan^ has summarized much o f  th e  evidence 
a g a in s t the u n if ie d  mechanism.
Mechanisms o f  e le c tro p h i l ic  s u b s t i tu t io n  a t  s a tu ra te d  carbon 
unim olecular e le c tro p h i l ic  s u b s t i tu t io n ,  S^ l
An Sgl re a c tio n  proceeds in  two s ta g e s , th e  f i r s t ,  slow re v e rs ib le  
s tag e  o f  the re a c tio n  i s  io n iz a tio n  w ith  the  form ation o f a c a rb a n io n ^  
equation  (13), which is  follow ed by the  rap id  com bination w ith  an 
e le c tro p h ile ,  in  the second s ta g e , equation  (15):
R _ MX^  R~ + MX (13)
R~ + MX f a s t ^ R -  MX„ (14)n n v '
JL /
R + E-N f a s t R -  E + N (15)
A c h a r a c te r is t ic  k in e t ic  fe a tu re  o f  th is  mechanism should be th e  
o b serv a tio n  o f  f i r s t - o r d e r  k in e t ic s  ( f i r s t - o r d e r  in  the  s u b s tr a te ,  RMXn , 
and zero o rd er in  EN), a t  l e a s t  fo r  th e  case when th e  s u b s tra te  i s  p re se n t 
a t  r e la t iv e ly  low co n cen tra tio n  and when the  back re a c tio n  (14) i s  
n e g lig ib le  in  comparison w ith  (15).
The stereochem ical outcome o f  th e  S^l mechanism can be in v e rs io n , 
r e te n t io n  o r racem isa tion , according to  th e  experim ental co n d itio n s  . 
U sually  racem ization  would be expected s in ce  th e  carbanion  R~ should  in v e r t  
e a s i ly .
B im olecular e le c tro p h i l ic  s u b s t i tu t io n ,  S^2
This mechanism proceeds in  a s in g le  s te p  and should obey second-order 
k in e t ic s ,  f i r s t - o r d e r  in  each r e a c ta n t ,  when th e  two re a c ta n ts  a re  p re se n t 
in  d i lu te  so lu tio n  a t  th e  same o rd er o f  co n cen tra tio n . There a re  se v e ra l 
ways in  which th is  mechanism can be rep re sen ted . These a re  as fo llow s:
S^2 (Open)
This mechanism can be rep resen ted  as equations (16) and (17):
R -  MX + E -  N n -> RE + NMXn (16)
(I)
R -  MX + E -  N n * N-E— R— MXn RE + NMXn (17)
(II)
18
The t r a n s i t io n  s ta t e  ( I I )  corresponds to  the t r a n s i t io n  s ta t e  tak in g  
p lace  in  S^2 re a c tio n s , w ith  Walden in v e rs io n , although w ith  the  
s ig n if ic a n t  d iffe re n c e  th a t  th e re  w il l  only be four p a ir s  o f  e le c tro n s  
around the c e n tra l  carbon atom. On the  o th e r hand, th e  ro u te  involv ing  
(I)  leads to  re te n t io n  o f co n fig u ra tio n  in  th e  f in a l  p roduct. Indeed, 
both  stereochem ical outcomes, denoted as Sg2 (open) R e t.,  and S^2 (open) Iriv ., 
have been o b s e r v e d ^ ’ The open t r a n s i t io n  s ta te s  ( I)  and ( I I )  
involve the se p a ra tio n  o f  charge. This would be encouraged in  p o la r  
so lv en ts  and in  th e  presence o f  in e r t  s a l t s .
e le c tro p h i l ic  s u b s t i tu t io n s ,  inc lud ing  c y c lic  and open t r a n s i t io n  s t a t e s .  
F ro n tie r  o r b i ta l  theory  can account fo r  the stereochem ical outcomes
unoccupied o r b i t a l ,  LUMO, and the  su b s tra te  has a h igh occupied o r b i t a l ,  
HOMO, F ig . 2 (a ) . Overlap o f  th e  LUMO o f  e le c tro p h ile  (E) w ith  HOMO o f  
KMX. can be achieved on e i th e r  s id e  o f th e  carbon atom as shorn in
Hie symbolic n o ta tio n  S
suggested by Abraham e t  a l ^  . i s  used h e re , in s te a d  o f  th e  term  S^2 used 
11 16by Ingold 9 to  describ e  the  b im olecu lar s u b s ti tu tio n s  which proceed
17v ia  open t r a n s i t io n  s ta t e s ,  and by Reutov to  describ e  a l l  b im olecu lar
7
o f  an Sg2 (open) mechanism . Hie a tta c k in g  e le c tro p h ile  has a low
n
F ig s . 2 Co) and 2 (c) .
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Sr,2 (cy c lic )
XJ
In  a b im olecular e le c tro p h i l ic  s u b s t i tu t io n ,  in  which an a lk y l-m eta l 
bond i s  broken, i t  i s  p o ss ib le  fo r  some n u c le o p h ilic  p a r t  o f  th e  reag en t 
to  co -o rd in a te  w ith  the m etal atom as e le c tro p h i l ic  cleavage takes p la c e .
*1 o
This leads to  an in te rn a l ,  c y c lic  mechanism which can be w r i t te n  a s :
R -  MX + E -  N n K l  n f >
( I I I )
->• RE + NMXn (18)
The above t r a n s i t io n  s ta te  ( I I I )  i s  a fo u r-cen tred  one; however, th i s
18mechanism could proceed through a s ix -c e n tre d  t r a n s i t io n  s ta t e  , 
e .g . equation  (19):
Bu -  HgBu + CH3C02H
Bu
I
Bu") ^  '  C -  CH3 -> BuH + BuHgOCOCHs (19)
(IV)
In  any case , re te n t io n  o f c o n fig u ra tio n  i s  the  only  p o ss ib le  ste reochem ical 
outcome o f  th is  mechanism.
The symbolic n o ta tio n  2(c y c lic )  suggested  by Abraham e t  a l ^  i s
used h e re , in s te a d  o f  the  o th e r  term s, S^2, S ^ i, Sp2, which have been
17-19used by o th e r  workers
5^2 (co-ord)
Many e le c tro p h il ic  reagen ts are  capable n o t only o f  e le c t r o p h i l ic
a tta c k  a t  the m etal atom o f  th e  C-M bond. I t  i s  such n u c le o p h ilic  a t ta c k  
th a t  gives r i s e  to  the  mechanisms S ^2(cyclic) and S^2(co-ord). In  th e
20Sg2(cyclic) mechanism th ese  two processes a re  co n cu rren t. I t  i s  p o s s ib le ” 
fo r  a n u c le o p h ilic  ce n tre  in  the  reagen t to  co -o rd in a te  to  th e  m etal in  
an i n i t i a l  s te p , to  form a co -o rd in a tio n  complex. This complex then  
decomposes to  the products and i t  i s  in  th is  s te p  th a t  the  a c tu a l 
e le c tro p h i l ic  s u b s t i tu t io n  takes p la ce . The mechanism can be w r i t te n  
as equation  (20):
R -  MX + E -  N R -  MX ----- * R -  E + NMX (20)n . n n v Jt  .
E-N
R eten tion  o f  co n fig u ra tio n  is  the  stereochem ical outcome o f  th is
21mechanism. The d esig n a tio n  S^c has a lso  been used to  d esc rib e  th e  
e le c tro p h i l ic  s u b s t i tu t io n  v ia  co -o rd in a tio n .
Mechanisms o f  n u c le o p h ilic  s u b s t i tu t io n  a t  arom atic carbon
Unimolecular mechanism, S^l (Ar)
The sim ple S^l mechanism i s  much le s s  probable in  an arom atic
s u b s tra te  because o f  th e  in s t a b i l i t y  o f  the  r e s u l t in g  carbonium io n , a
phenyl c a tio n . The s p e c ia l S^l re a c tio n s  o f  diazonium ions and S ^ l- l ik e
copper c a ta ly sed  rea c tio n s  o f  a ry l h a lid e s  a re  the  on ly  re a c tio n s  r e l ia b ly
22known to  proceed by o th e r  than S^2 mechanisms
Bim olecular mechanism, S^2 (Ar)
The mechanism o f  th e  arom atic S^2 re a c tio n  has been e s ta b lis h e d  w ith  
22some confidence . These re ac tio n s  a re  second-order p rocess when bo th  
re a c ta n ts  are  o f  s im ila r  co n cen tra tio n .
L, t.
d [P ro d u c t] /d t = k2 [ArX][Nucleophile] (21)
There is  evidence which in d ic a te s  th a t  an in te rm ed ia te , benzenanion (V) 
i s  involved in  these  re a c tio n s ;  one convincing o b serv a tio n  i s  the  i s o la t io n  
o f  many s ta b le  s a l t s  co n ta in in g  th e  benzenanion. So th is  mechanism can be 
rep resen ted  by a tw o-step  p rocess:
X X N N
Q  , (22)
X = F, Cl,  Br .
(V)
S u b stitu en ts  e x e r t an im portant in flu en ce  on the  thermodynamic s t a b i l i t y  
o f  the  benzenanion which determ ines the  re a c tio n  r a te ;  bo th  p o la r  and 
resonance e f fe c ts  d ic ta te  th e  thermodynamic s t a b i l i t y  o f  the  s u b s t i tu te d  
benzenanions.
Mechanisms o f  e le c tro p h i l ic  s u b s t i tu t io n  a t  arom atic carbon 
Unim olecular mechanism, S^l (Ar)
No example o f S^l (Ar) re a c tio n  has so f a r  been re p o rted .
B im olecular mechanism, S^2 (Ar)
E le c tro p h il ic  s u b s t i tu t io n  i s  th e  c h a r a c te r is t ic  s u b s t i tu t io n  re a c t io n  
a t  carbon in  arom atic compounds, in  which u su a lly  a hydrogen atom o f  th e  
arom atic nucleus i s  rep laced  by a group from an e le c t r o p h i l ic  re ag en t. 
E le c tro p h il ic  reagen ts a re , as th e  name im p lies , seekers o f  e le c tro n  
d e n s ity ; th e  arom atic nucleus a c ts  as the  n u ce lo p h ile  in  th is  r e a c t io n , 
p rov id ing  the  e le c tro n  p a ir  fo r  th e  form ation o f  th e  new bond between th e  
carbon atom o f the  a ry l r in g  and th e  e le c tro p h ile .  Species such as N02,
T
halogens, SO3 (or HS03) ,  e tc .  a re  known to  a c t  as e le c t r o p h i le s . Hie a c tu a l
mechanism in  e le c tro p h i l ic  arom atic s u b s t i tu t io n s  involves a tw o-step
displacem ent and th is  w il l  be i l l u s t r a t e d  w ith  the fo llow ing example.
N itra tio n  i s  a ty p ic a l e le c tro p h i l ic  arom atic s u b s t i tu t io n  re a c tio n ; fo r
example, benzene may be n i t r a te d  by a m ixture o f  n i t r i c  and s u lf u r ic  a c id s .
+The e f fe c t iv e  reag en t in  n i t r a t io n  i s  a c tu a lly  the n itron ium  io n , N02, and 
m  fa c t  spec tro sco p ic  s tu d ie s  have dem onstrated th e  presence o f  N02 in  such
so lu tio n s . Two a t t r a c t iv e  mechanisms may be form ulated fo r  th e  a t ta c k  o f
+ '3N02 on th e  benzene r in g  . D irec t displacem ent o f  hydrogen is  perhaps
+ NO;
.NO; no2
H (23)
the  most obvious, (23), b u t i t  has been ru le d  ou t by exam ination o f  the  
iso to p e  e f f e c t .  S tudies o f  benzene and i t s  d e r iv a tiv e s  co n ta in in g  
deuterium  o r t r i t iu m  show th a t  such hydrogen iso to p es  a re  rep laced  as 
e a s i ly  as i s  o rd inary  hydrogen. The absence o f  an iso to p e  e f f e c t  means 
th a t  the  pro ton  i s  n o t l o s t  in  th e  ra te -d e te rm in in g  s te p  o f  n i t r a t i o n ,  and 
a  tw o-step  process in  which an in te rm ed ia te , 1-nitrobenzenonium  io n , i s  
formed in  the course o f  the  re a c tio n  has been p o s tu la te d .
+ slow + N02
H N02
Ix y ]
NO;
f a s t + H (24)
m
Iso tope e f fe c ts  a re  a lso  absen t in  many o th e r s u b s t i tu t io n  r e a c t io n s ,  
in d ic a tin g  the  general importance o f  th e  tw o-step  mechanism. In te rm ed ia tes  
such as (VI) a re  freq u en tly  c a l le d  a-complexes o r  Wheland in te rm e d ia te s . 
There i s  considerab le  evidence th a t  sp ec ies  such as (VI) do e x i s t .  The 
presence o f  a-complexes in  s o lu tio n  has been dem onstrated by d i f f e r e n t
techniques such as conductivity measurements, and in fact many of them
in  i s o la t in g  heptamethylbenzenonium te trach lo ro a lu m in a te  (VII) as a 
c r y s ta l l in e  compound.
Thus th e  i s o la t io n  o f  th ese  s a l t s  lends confidence to  th e  id ea  th a t  
benzenonium ions are  in term ed ia tes  in  the arom atic s u b s t i tu t io n  re a c tio n s . 
A number o f  e le c tro p h ile s  r e a c t  w ith  e le c tro n  donors such as aroma t i c s , 
a lkynes, e tc .  to  give sp ec ies  in  which no new covalen t bond has been 
formed. E le c tro p h ile s  showing th is  behaviour include p ic r ic  a c id , the  
halogens, hydrogen h a lid e s , s i lv e r  io n s , e tc .  These two groups form tt- 
complexes o r charge t r a n s f e r  complexes.
Hie exact s tru c tu re  o f  a tt- complex depends on th e  n a tu re  o f  th e  donor and 
th e  accep to r (an e le c t r o p h i le ) . In th e  complex formed between s i l v e r  ion  
(p e rch lo ra te ) and benzene, the s i lv e r  ion  l i e s  above one o f  th e  carbon
m olecular w eight adducts sometimes p r e c ip i ta te  from s o lu tio n , fo r  example,
24have been ob tained  as s o l id  s a l t s ,  fo r  example Doering has succeeded
Me Me
Me
(VII)
Examples o f  tt- complexes (V III)
atoms and the  OC bond leng ths o f  benzene a re  al te re d , as a re  th e  bond
25angles w ith in  the r in g  , whereas in  th e  benzene-bromine complex th e
bromine l i e s  above th e  cen tre  o f  th e  benzene r in g , r e s u l t in g  in  a
26symmetrical it-complex . tt-  complexes a re  n o t u su a lly  i s o la b le ,  b u t h igh
th e  tt- complex which i s  formed by ad d itio n  o f  tr in itro b e n z e n e  to  
naphthalene, equation  (25):
N02
. o2n no2
NO 2
(25)
0 2N no2
The s t a b i l i t y  o f  a a-complex is  s tro n g ly  a f fe c te d  by s u b s t i tu e n ts ,  w hile 
th e  s t a b i l i t y  o f  a tt- complex i s  a f fe c te d  much le s s .
The r e s u l t s  o f  a comparison o f  th e  r e la t iv e  r a te s  o f ; brom ination  and 
o f  the  r e la t iv e  s t a b i l i t i e s  o f  th e  hydrogen ch lo rid e  and HF-BF3 complexes 
a re  o f  p a r t ic u la r  in te r e s t  in  th i s  re sp e c t ,  and a re  given in  Table 1 ( p .26 )
Although w ith  both accep to rs the  complex s t a b i l i t i e s  g en e ra lly  
in c rease  w ith  in c reas in g  a lk y l a t  ion o f  th e  donor, the  s u b s t i tu e n t  e f f e c ts  
a re  r e la t iv e ly  sm all fo r  th e  HC£ complex, b u t a re  very  pronounced fo r  th e  
HF-BF3 adducts. The former a re  c la sse d  as it - complexes, (V III) , and th e  
l a t t e r  as a-com plexes, (IX ):
BFl
Like th e  HF-BF3 complex (a-complex) th e  ha logenation  o f  th e  alkylbenzenes 
in  a p o la r  medium a re  h ig h ly  s e n s i t iv e  to  the  number and r e l a t iv e  p o s it io n s  
o f  the  a lk y l s u b s t i tu e n ts .  I t  i s  concluded th a t  the  t r a n s i t io n  s t a t e  fo r  
halogenation  resembles a a-complex and n o t a ir-complex. I t  h a s , however, 
been shown in  many in stan ces  th a t  tt- complexes p lay  a ro le  in  s u b s t i tu t io n  
re a c tio n s . The n i t r a t io n  o f  a s e r ie s  o f  arom atic hydrocarbon has been
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27 *s tu d ie d  , u sing  n itron ium  flu o b o ra te  in  te tram ethy lene su lfone  and
o th e r  o rgan ic  so lv en ts ; fo r  example, in  th e  former so lv en t i t  was found 
th a t  r e la t iv e  to  benzene, to luene has a r e a c t iv i ty  o f  1 .67 , m-xylene a 
r e a c t iv i ty  o f  1.65 and m esity lene a r e a c t iv i ty  o f  only 2.71. On the  grounds 
th a t  th ese  very  sm all e f fe c ts  o f  th e  methyl groups a re  very  s im ila r  to  
th e i r  e f fe c ts  on the s t a b i l i t y  o f  7r-complexes (see Table 1 ) ,  i t  was 
suggested  th a t  th e  t r a n s i t io n  s ta te  in  th is  case i s  s im ila r  to  a it - complex. 
Taking in to  account a lso  th a t  the  p a r t i a l  r a te  fa c to r  trea tm en t i s  n o t 
v a lid  fo r  th is  n i t r a t io n ,  i t  was concluded th a t  the  ra te -d e te rm in in g  s te p  
involves form ation o f  a tt- complex, (X), equation  (26)
N itra tio n  in  so lv en t te tram ethy lene su lfo n e , as w ell as in  o th e r  o rg an ic
M ercuration
In  arom atic m ercuration th e  group HgX, where X i s  an an io n ic  group, 
i s  in troduced  in to  th e  nucleus by t r e a t in g  th e  arom atic compound w ith  a 
mercury (I I) compound. The n a tu re  o f  th e  re a c tio n  ev id en tly  depends on the  
re a c tio n  c o n d itio n s . In  a non-polar medium th e  d is t r ib u t io n  o f  isom eric  
p roducts i s  com paratively random and re a c tio n  is  a t  l e a s t  in  p a r t  homo l y t i c ,  
w hile in  a p o la r  medium o r in  th e  presence o f  c a ta ly s ts  such as p e rc h lo r ic  
ac id  th e  re a c tio n  takes p lace  more re a d ily  and the  isom er d i s t r ib u t io n  i s  
th a t  expected fo r  an e le c tro p h i l ic  p ro cess . The r a te s  o f  m ercuration  o f  a 
number o f  arom atic hydrocarbons have been determ ined using  mercury ( I I )
CH3 ch3
products (26)
(X)
so lv en ts  (using N02 BFiJ does no t involve the  f re e  N02 ion .
The d a ta  fo r  th ese  re a c tio n s , along w ith  the  r e la t iv e  s t a b i l i t i e s  fo r  
some a and tt- complexes, a re  given in  Table 2 (p.29 ) .
Hie o v e ra ll  conclusion  i s  th a t  m ercuration under th ese  co n d itio n s  i s  
a  re a c tio n  o f  low s e le c t iv i ty  which is  capable of only  poor d isc r im in a tio n  
between methyl and hydrogen as s u b s titu e n ts  in  benzene, as w ell as between 
methyl and o th e r s u b s titu e n ts  such as t - b u ty l , e th y l, and i-p ro p y l.  In  
c o n tr a s t ,  i t  can be seen from Table 1 (p. 26 ) th a t  brom ination o f  
alkylbenzenes i s  much more s e le c t iv e .  In  the  ca ta ly sed  re a c tio n  a more 
re a c tiv e  e le c tro p h ile  may be produced according to  equation  (26):
(XI) and (X III) a re  tt- complexes and are  commonly low energy in te rm e d ia te s . 
A sim pler scheme may be p ic tu re d , equation  (28):
The iso to p e  e f f e c t  in  c a ta ly sed  m ercuration o f  benzene (ca . 6 .0  and 
fo r  uncata lysed  m ercuration o f  benzene ca. 3 .0) i s  a p o in t o f  co n sid e rab le  
im portance, and i t  follow s th a t  in  c o n tra s t  to  o th e r e le c t r o p h i l ic  
s u b s t i tu t io n s  (fo r  example h a lo g en a tio n ), p ro ton  lo ss  i s  a t  l e a s t  p a r t i a l l y
. Hg(0Ac)2 + HCS.0 4  ^  Hg+(0Ae)CS>0* + Ac OH (26)
28The follow ing mechanism has been suggested to  apply to  th e  m ercuration  
re a c tio n , equation  (27):
H . Hg+ Hg+ Hg+
+ Hg —++
(XI) (XII) (X III) (27)
(28)
ra te  determ ining in  m ercuration , whereas in  most arom atic s u b s t i tu t io n s
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iso to p e  e f f e c t s ) .  In  th e  scheme o u tlin e d , equation  (28), the  iso to p e  
e f f e c t  c o n s ti tu te s  a measure o f  the r a te s  k and k 2 . The lower s tre n g th  
o f  the  new carbon-m ercury bond in d ic a te s  th a t  k w i l l  assume im portance 
in  m ercuration , making k £ a t  le a s t  p a r t i a l l y  r a te  determ ining.
Isom eriza tion  o f te n  occurs under th e  cond itions used in  m ercuration .
The isomer d is t r ib u t io n  o f  to ly lm ercu ry (II)  a ce ta te s  formed in  th e  re a c tio n
o f  to luene  w ith  mercury ( I I )  a c e ta te  in  the  presence o f  p e rc h lo ric  a c id  was
found to  b e , i n i t i a l l y :  o rth o . 21.0; meta. 9 .5 ; p a ra . 69.51, b u t a f t e r  a
re a c tio n  time o f  28 days th e  d is t r ib u t io n  was 36%, 31% and 33% re s p e c t iv e ly .
The isom er d is t r ib u t io n  was a lso  a fu n c tio n  o f  tem perature , and se v e ra l
au thors have suggested th a t  iso m eriza tio n  o f th e  i n i t i a l l y  formed (k in e tic )
p roduct takes p la c e . This suggestion  i s  o f  course d i r e c t ly  r e la te d  to  th e
q u estion  o f r e v e r s ib i l i ty  o f  arom atic m ercuration . I t  appears th a t  th e
r a te  determ ining s te p  in  an arom atic m ercuration  re a c tio n  involves b o th  a
29and n- complexes. Webster and h is  co lleagues have shown th a t  the  
m ercuration o f  an iso le  by m ercu iy (II) a c e ta te ,  equation  (29), in  g la c ia l  
a c e t ic  ac id  involves both  un -ion ized  m ercury(II) a c e ta te  and p o s it iv e
■f-
ace ta to m ercu iy (II) io n s , Hg OAc, as e le c tro p h i le s .
MeOC6H5 + HgCQAc)2 — >- MsOC6H^HgOAc + AcOH (29)
4.
For th e  above re a c tio n  th e  r e la t iv e  r e a c t iv i ty  o f th e  Hg OAc to  u n -io n ize d  
Hg(OAc) 2 i s  2, in d ic a tin g  th a t  fo r  th i s  re a c tio n  m olecular Hg (OAc) 2 and 
the Hg+0Ac ion  are  c lo se  in  r e a c t iv i ty .  Abraham e t  a l ^  have shown th a t
4.
th e  r e la t iv e  r e a c t iv i ty  o f  Hg OAc to  Hg(0Ac)2 fo r  th e  s u b s t i tu t io n  o f  
t e t r a e th y l t in  by m ercury(II) carboxylate:- in  methanol i s  100. This 
f ig u re  compares th e  s e le c t iv i ty  o f Hg^OAc sp ecies  r e la t iv e  to  Hg(0Ac)2 
fo r  th e  two r e a c tio n s .
SECTION 2
EVIDENCE FOR THE MECHANISMS OF ELECTROPHILIC  
SUBSTITUTION AT ALIPHATIC  CARBON
Experim ental evidence fo r  th e  b a s ic  mechanisms
S ection  1 reviewed p o ss ib le  mechanisms o f  s u b s t i tu t io n  a t  'sa tu ra ted *
carbon to  m etal bonds. This s e c tio n  w il l  review  the experim ental evidence
fo r  the  p o s tu la te d  mechanisms. Mechanisms o f  re a c tio n s  invo lv ing  mercury
31fo r  mercury exchanges are  w ell known , and q u ite  o f te n  o th e r  m echanistic  
conclusions have been made by analogy to  the re a c tio n  o f  organomercury 
compounds. However, only th e  most re c en t work on th e  re a c tio n s  o f  
d ialkylm ercury compound w i l l  be considered  in  th is  s e c tio n . The o th e r 
main c la s s  o f  s u b s t i tu t io n s  th a t  has been ex ten s iv e ly  in v e s tig a te d  i s  the  
mercury fo r  t i n  exchanges. Since th e  work on these  exchanges has been 
reviewed previously^’, here  only the  main p o in ts  w i l l  be co nsidered , 
except fo r  th e  most re ce n t work, which has n o t been review ed. In  th e  
case o f  s u b s t i tu t io n  o f  a lk y l- t r a n s i t io n  m etals by e le c tro p h ile s  (mostly 
w ith  a m etal con ta in in g  group), th is  w i l l  only be considered  i f  the  
s u b s t i tu t io n  has le d  to  a d if f e r e n t  mechanism fo r  a lk y l-n o n - tra n s i t io n  
m etal, o r  i f  s u b s t i tu t io n s  throw some l ig h t  on the  mechanism o f  re a c tio n s  
o f  n o n - tra n s itio n  m eta ls .
21Abraham and H il l  have explained  e le c tro p h i l ic  re a c tio n s  o f  non­
t r a n s i t io n  m etals in  terms o f  th e  fo llow ing mechanisms:
MXn
| (I)
E -  N
Sg2 (coord)
They proposed th a t  in  s u b s ti tu tio n s  proceeding by mechanism 2 (open) th e  
observed sequence o f r e a c t iv i ty  (2) in  a lk y ls  o f  type RMXn (R = X) would
MXn MXn MXn
4  . < 1 \  * )  t
E -  N E -  N E -  N
Sg2 (open) S^2 (cy c lic )
J J
R = Me > E t > Pr11 -  Bu11 > P r1 (2)
b u t i f  the  s u b s t i tu t io n  tak es p lace  by mechanism S^2 ( c y c l ic ) , th e  observed 
r e a c t iv i ty  sequence would be some com bination o f  the s t e r i c  sequence (2) 
w ith  th e  p o la r  sequence (3 ):
R = Me < E t < Prn  = Bu11 < P r1 . (3)
21They suggested th a t  th e  observed sequence (2) is  due m ainly to  s t e r i c  
non-bonded in te ra c tio n s  in  the t r a n s i t io n  s ta t e  between ( i)  th e  a lk y l 
group undergoing s u b s t i tu t io n  and th e  leav in g  group, and ( i i )  th e  a lk y l 
group undergoing s u b s t i tu t io n  and th e  incoming e le c t r o p h i le . The k in e t ic  
d a ta  in  Table 1, fo r  re a c tio n s  in  which the  moving group changes, b u t th e  
leav in g  group remains c o n s ta n t, seem to  confirm  the  above su g g estio n .
TABLE 3
4aS te r ic  e f fe c ts  in  S^ 2(open) re a c tio n s
R eaction Solvent Temp
°C
Me E t Pr11 Bu11 P r1 Bu1
RSnBu" + Hgl2 aqMeOH 25 100 0 .1
RSnBu? + I 2 MeOH 20 100 0 .7
RSnEt3 + I 2 MeOH 20 100 6.2 1.8 1.7 0 .1
RSnMe3 + I 2 MeOH 20 100 14 3.1 7.5 0 .6 0
RSnMe3 + I 2 ACOH 20 100 16 2.7 5.2 0 .8 0 .1
RSnMe3 + Br2 Ac'OH 20 100 41 12 19 1 .0
RHgl + H 35 H20 110 100 40 22 13 0.81
RHgX + HgX2 EtOH 60-
100
100 42
(Bus )
I t  i s  c le a r  from Table 1 th a t  the  s iz e  o f  th e  moving group has a 
profound e f f e c t  on the r a te  o f  re a c tio n . Table 2, however, shows th a t
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•the s ize  o f the leaving group, S11R3, in  general has l i t t l e  e ffe c t  on the
i  tr a t e ,  except when i t  con tains bulky groups such as P r and Bu .
Hie k in e t ic s  o f  re a c tio n s  o f  d ialkylm ercury compounds R2Hg (R -  Me*
E t, Pr11 and P r1) w ith  m ercUry(II) ch lo rid e  and m ercury(II) bromide in
32methanol have re c e n tly  been s tu d ie d  by Reutov e t  a l  . In  th e  case o f  
m ercury(II) c h lo r id e , a t  20°C, th e  r e a c t iv i ty  o f  the  d ialkylm ercury  
compounds f a l l s  in  the sequence E t > Pr11 > Me ~ P r1, b u t a t  h ig h er 
tem peratures th e  sequence changes somewhat: E t > Pr11 > P r1 > Me. In  the
case o f  m ercury(II) bromide, however, th e  follow ing sequence i s  p reserved  
over th e  whole range o f tem peratures s tu d ie d : E t > Pr11 > P r1 > Me. When
R = E t, Pr11 and Me, the usual o rd er o f  r e a c t iv i ty  i s  HgCit2 > HgBr2 .
However, when R = P r1, th e  o rder o f  th e  r e a c t iv i t i e s  o f  the  m ercury(II) 
s a l t s  changes: HgBr2 > HgC&2 . The a c t iv a t io n  param eters have a lso  been 
determ ined fo r  re a c tio n s  o f  the  mercury ( I I )  s a l t s  w ith  th e  d ialky lm ercury  ( I I )
compounds. However, th e re  i s  no syn ib a tic ity  in  the  changes o f  th e  va lues
1 i  3?
o f  AH' and AST. Reutov e t  a l  considered  th e  sequence o f  th e  r e a c t iv i ty
among th e  m ercury(II) s a l t s :
Hg(N03) 2 > Hg(OAc) 2 > HgCJl2 > HgBr2 > Hgl2 > H gl3 = 0 (4)
as in d ic a tiv e  o f  an S^2 mechanism. The o rd er o f  r e a c t iv i ty  HgBr2 > HgC£2 
in  the  case o f  R = P r1, however, i s  n o t in  accordance w ith  th e  above 
sequence. They th e re fo re  in v e s tig a te d  th e  re a c tio n  between E t2Hg w ith  
HgX2 (X = C&, Br, I and OAc) in  so lv en ts  methanol and dimethylformamide 
(DMF) to  o b ta in  more in fo rm ation . The r e s u l ts  ob ta ined  a re  g iven in  
Table 3 (p. 36). I t  can be seen th a t  in  m ethanol, fo r  example, th e  c 
sequence o f r e a c t iv i ty  o f  HgX2 agrees w ith  th a t  suggested  fo r  re a c tio n s  o f  
th e  Sg2 ty p e , b u t the  change in  the  thermodynamic param eters tak es  p lac e  
ambiguously. In DMF a t  20°C, mercury (I  I) ch lo rid e  and bromide r e a c t  a t  
approxim ately the  same r a te ;  however, w ith  a r i s e  in  tem perature th e  r a te
TABLE 3
Rate co n stan ts  and a c t iv a t io n  param eters o f  the  re a c tio n  
between (C2H5) 2Hg and HgXo in  DMF and MeOH in  th e  • 
p resence o f  0 .1  M NaC&Oi^
HgX2
k 220 
(Z mol~1s 1)
AH^
(kcal mol*’1)
AS*
(ca l deg mol )
DMF MeOH DMF MeOH DMF MeOH
HgC£2 6.4 6 .0 7.2 10.1 30 20
HgBr2 6.1 2,9 8.1 9.5 27 24
Hgl2 0 .9 0 .3 9.9 12.7 25 18
Hg (OA c) 2 - 110.0 - - -
co n s tan t o f  th e  re a c tio n  w ith  mercury ( I I )  bromide somewhat exceeds th a t  
fo r  the  c h lo rid e . From the follow ing r a t io s  o f  the  m ercury (II) s a l t s  in  
th e  two so lv en ts  (Table 4) they  concluded th a t  the  in flu en ce  o f  th e  so lv en t 
on th e  re a c tio n  o f  diethylm ercury  w ith  m ercury(II) s a l t s  has a  complex 
n a tu re .
TABLE 4
R atios o f  the  r a te  co n stan ts  fo r  th e  re a c tio n s  o f  
(C2H5) 2Hg w ith  HgX2 (X = C£, Br and I) in  
• DMF and MeOH^
H g a 2 HgBr2 Hgl2
k220 (DMF)
----------------  1 .1  2.1 3 .0
k220 (MeOH)
k ^ 0 (DMF)
----------------  0.74 1 .6  2.4
k240 (MeOH)
However, in  a narrow range o f  p ro to n ic  so lv en ts  (methanol and methanol -
w ater m ix tu re s ), Kirkwood’s equation  i s  s t a t i s f i e d  fo r  th e  re a c t io n  o f
J- 1
E t2 Hg w ith  HgCf2 j y ie ld in g  (yT) 2/ ( r T) 3 = 0.78 fo r  the  t r a n s i t io n  s t a t e  o f  
the  re a c tio n . This value in d ic a te s  a considerab le  charge se p a ra tio n  in  
the t r a n s i t io n  s ta te  o f  th is  re a c tio n , i . e .  Sg2(open) mechanism. Comparison 
o f  th e  r e s u l ts  fo r  o th e r re a c tio n s  w ith  th is  leads to  th e  same conclusion  
fo r  th e  mechanism o f o th e r  d ialkylm ercury compounds.
Abraham and co-workers have c a r r ie d  out k in e t ic  s tu d ie s  on the  
fo llow ing re a c tio n  in  various so lv e n ts :
R„Sn + HgX2 >■ R3SnX + RHgX (5)
where R = a lk y i,  and X = C&, I and OAc. When X = I re a c tio n  (5) i s  follow ed 
by th e  ra p id , re v e rs ib le  re a c tio n  (6):
K +
R3SnI + Hgl2 v — R3Sn + Hgl3 (6)
The sequences o f r e a c t iv i ty  observed fo r  re a c tio n  (5) (R = Me, E t,  P r11,
Bu11, Bu1 P r1 and X = C£) using  so lv e n ts : m ethanol-w ater m ix tu re s ^ ,
t-b u ty l  a lcoho l and a c e t o n i t r i l e ^ ,  a re  a l l  very  s im ila r  to  sequence (2)
(p. 33) 9 and in d ic a te  th a t  e s s e n t ia l ly  th e  same mechanism o p era tes  in  a l l
th ese  so lv e n ts . When X = I in  so lv e n t 961 methanol -  41 w ater th e  same
35sequence as fo r  X = Ci was ob ta ined  .
The observed s te r i c  sequence o f  r e a c t iv i ty  (7):
R = Me > E t > Pr11 =* Bu11 > Bu1 > P r1 (7)
was suggested to  be c h a r a c te r is t ic  o f  th e  S^2 (open) mechanism w ith
*
re te n tio n  o f  co n fig u ra tio n  (I) a t  th e  s i t e  o f  s u b s t i tu t io n .
*
I t  should be noted th a t  th e  s te reo ch em istry  has n o t been determ ined 
experim en tally .
OO
6+
^SnR.3
✓
f t ' J  x = C*. o r  I
' \ 6 -  .
HgX2
( I )
36”“ 39Abraham e t  a l  a lso  s tu d ie d  th e  e f fe c ts  o f  in e r t  s a l t s  ( t e t r a -  
n-butylammonium p e rch lo ra te  and /or lith iu m  p e rc h lo ra te )  on re a c t io n  (5)
(R = E t and X = C£ and/or I) in  so lv en ts  m ethanol, methano 1  -w a te r , t -b u ty l  
alcohol-m ethanol m ixtures and a c e to n i t r i l e ,  and found th a t  in  general 
re a c tio n  (5) was su b je c t to  p o s it iv e  k in e t ic  s a l t  e f f e c ts ,  and mechanism 
Sg2(open), ( I ) ,  was again  proposed. A suggestion  has been m ade^ th a t  
th e re  i s  some c o r re la t io n  between the  r a t io  k(MeifS n )/k (E t4 Sn) and the  
degree o f  d ia rg e  se p a ra tio n , Z, in  th e  t r a n s i t io n  s ta t e  as deduced from 
the  e f f e c t  o f  added tetra-n-butylam monium  p e rc h lo ra te . Data fo r  re a c t io n  
(5) (X = C&) are  given in  Table 5.
TABLE 5
R atios o f  k(Me4 Sn)/k(EtttSn) and Z values fo r  the re a c tio n  
between R^Sn (R = Et,Me) and HgC&2 in  various s o lv e n ts ^
Solvent Bu^OH MeOH Me0H/H20 MeCN
k (Tie 4 Sn) /k  (E1 4 Sn) 900 465 411 151
Z 0.91 0.84 0.75 0.46
R eaction (5) (R = Me, E t, Pr11, Bu11, P r1, Pe1 1 0 0  and X = OAc) has been 
s tu d ied  k in e t ic a l ly  in  so lv en ts  methanol and t -b u ty l  a lcoho l by Abraham 
and G r e l l i e r ^ .  The observed s t e r i c  sequence o f  r e a c t iv i ty  in  
methanol (8 ) :
R = Me > E t > Pr11 > Bu11 > Bu1 > Peneo > P r1 (8)
was suggested to  be c h a r a c te r is t ic  o f  th e  S -2 (open) mechanism w ithIj
re te n t io n  o f  co n fig u ra tio n  a t  th e  s i t e  o f  s u b s t i tu t io n .  The e f f e c t  o f
added tetra-n-butylam monium  p e rc h lo ra te  on the  r a te  o f  re a c tio n  (5)
38(R = E t, X = OAc) in  methanol was to  in c rease  the  r a te  g re a tly  , whereas
38in  t-b u ty l  a lcoho l no e f f e c t  was observed , and in  th i s  case mechanism 
S g2(cyclic) was suggested as a p o s s ib i l i ty .  In  the  former so lv e n t the  
very  la rg e  s a l t  e f f e c t  was a t t r ib u te d  to  anion exchange o f  th e  type (9 ):
CZOl + Hg(OAc) 2 Hg(0Ae)C£04 + OAc” (9)
R eaction o f  a s e r ie s  o f  m ercury(II) carboxy la tes  [(R ’C02) 2Hg] w ith  Et^Sn
A 1
and w ith  Bu^Sn in  methanol was in v e s tig a te d  by Abraham and co-workers 
From th e  ob ta ined  sequence o f r e a c t iv i ty  among th e  mercury (I  I) c a rb o x y la te s , 
(10), Sg2(open) mechanism ( I I )  was suggested: c
R’ = Bu1 < E t < Me < Ph < C£CH2CH2 < MeOCH2 < aCH 2 (10)
6 +
,SnR
/y
/
R\
\  6~ ->
Hg-OCOR
i -  ( I I )
OCOR
30Abraham and Dadjour l a t e r  c a r r ie d  out a k in e t ic  s tudy  on re a c tio n
(5) (R = E t and X = RlC02 where R’ i s  th e  same as in  sequence (10)) in  
m ethanol, and showed th a t  the  s u b s t i tu t io n  o f  t e t r a e th y l t in  by the  
m ercury(II) carboxy lates proceeds by second-order k in e t ic s ,  f i r s t - o r d e r  
in  each re a c ta n t ,  b u t th a t  the r a te  co n stan ts  fo r  re a c tio n  (5) (R = E t and 
X -  RtC0 2, R! = Me) v a rie d  on vary ing  the i n i t i a l  co n cen tra tio n  o f  th e  
m ercury(II) ca rboxy la te . In order to  p reven t so iv o ly s is  o f  th e  m ercu ry (II) 
carboxy la tes sm all q u a n ti t ie s  o f  th e  corresuonding carb o x v lic  ac id  wereJ  m 1  /
added to  the re a c ta n t s o lu t io n s . They observed in  each case th a t  the
value o f  'the r a te  co n s tan t in creased  to  a maximum as so lv o iy s is  i s
suppressed and then  slow ly decreased. The e f f e c t  o f  added sodium a c e ta te
on the  r a te  co n stan ts  fo r  re a c tio n  o f t e t r a e th y l t in  w ith  mercury ( I I )
a c e ta te  and w ith  mercury ( I I )  c h lo rid e  in  methanol was to  r e ta rd  th e  r a te
o f  re a c tio n  in  th e  case o f  m ercury(II) a c e ta te .  They suggested  th e  s teady
re ta rd a t io n  caused by added sodium a c e ta te ,  and a lso  the  v a r ia t io n  o f  lc
(on va iy ing  the i n i t i a l  co n cen tra tio n  o f  m ercury(II) carboxy la te) a r is e s
through a red u c tio n  in  th e  co n cen tra tio n  o f  the h ig h ly  a c tiv e  sp ec ies  
+HgOAc by a normal common-ion e f f e c t .  I t  was assumed th a t  se v e ra l
+ _
mercury (I I) spec ies  such as HgOCOR’ , Hg(0C0R’) 2 and Hg(OCOR’) 3 a re  p re se n t
in  the  so lu tio n s  used. Therefore the subsequent r e ta rd a t io n  on fu r th e r
a d d itio n  o f  ac id  o r on a d d itio n  o f  sodium a c e ta te  could  be due to  a p a r t i a l
suppression  o f  th e  spec ies  HgOCOR,+ and form ation o f  le s s  re a c t iv e
e le c tro p h i l ic  sp e c ie s , i . e .  Hg(0C0R')2 and Hg(OCOR’) 3. A ddition  o f  more
ac id  o r sodium a c e ta te  p a r t i a l l y  converts Hg(OCOR’) 2 to  a le s s  re a c t iv e
e le c tro p h ile ,  Hg(OCOR’) 3. From the  observed r a te  co n stan ts  and the  
2 +  -corresponding Hg -  R!C02 s t a b i l i t y  c o n s ta n ts , a c tu a l r a te  co n s tan ts  have 
been c a lc u la te d  fo r  a t ta c k  o f  various m ercury(II) sp ec ies  on t e t r a e th y l t i n .  
Rate constan ts  fo r  a t ta c k  o f  Hg(OCOR’) 3 , Hg(0C0R’) 2 and HgOCOR'+ a re  in  
th e  o rder 0 : 1 : 102, and fo r  s u b s t i tu t io n  by bo th  Hg(0C0R.')2 and
•j-
HgOCOR' th e  c a lc u la te d  r a te  co n stan ts  y ie ld  th e  above r e a c t iv i ty  sequence 
in  R1 (R’ = Bu^ < Me < MeOCH2) . They a lso  c a lc u la te d ^  th a t  fo r  a l l  th e  
cases approxim ately 60% re a c tio n  takes p lace  through the  sp ec ies  Hg(0C0R')2 . 
The Sg2(open) mechanism ( I I )  was suggested  fo r  th e  s u b s t i tu t io n  o f  t e t r a ­
e th y l t in  by the  species  Hg(0C0R’) 2 in  so lv en t methanol.
13I t  has been suggested th a t  r e a c t iv i ty  sequence such as (4) fo r  
e le c tro p h i l ic  a t ta c k  on a given su b s tra te  in  a given so lv e n t may be taken  
as c h a r a c te r is t ic  o f  re a c tio n s  proceeding by mechanism Sg2(open), b u t
39Abraham e t  a l  have shown th a t  sequences o f r e a c t iv i ty  in  th e  m ercury(II) 
h a lid e s  themselves cannot be used as a m echanistic c r i te r io n .
The assignm ent o f  ste reochem istry  to  re a c tio n  (5) (X = Cl,  I ,  OAc)
w ith  th e  use o f  sim ple o p t ic a l ly  a c tiv e  la b e l l in g  o f  the  s u b s tra te s  i s  n o t
p o s s ib le , because th e  very  slow ra te s  o f  re a c tio n  o f  th e  la rg e  ( a t  l e a s t
se c -b u ty l)  o p t ic a l ly  a c tiv e  groups would demand g rea t o p tic a l  s t a b i l i t y ,
and th e  subsequent i s o la t io n  and c h a ra c te r is a tio n  o f  the  p roducts would be
td i f f i c u l t .  However, s u b s tra te s  such as Bu CHDCHD-SnR3 could  be used, b u t 
th e  p re p a ra tio n  o f  th is  compound is  r e la t iv e ly  d i f f i c u l t .
According to  Jensen and D a v is ^ , the  stereochem ical course o f  an Sg2 
re a c tio n  could be deduced from comparisons o f  the e f f e c t  o f  a lk y l groups 
on th e  r a te  o f  s u b s t i tu t io n  w ith  a lk y l group e f fe c ts  on th e  r a te s  o f  
s u b s t i tu t io n  o f  o th er S^2 re ac tio n s  o f  known ste reo ch em istry . According 
to  th ese  w orkers, an SE2 (open)jnv re a c tio n  should show a la rg e  s t e r i c  
e f f e c t  which p a r a l le ls  th e  e f f e c t  in  S^ 2  re a c tio n s ; thus they  showed th a t  
a p lo t  o f  log{k{RSn(Peneo) 3 ]/k[MeSn(Peneo) 3] } a g a in s t th e  S^2 s t e r i c  
q u a n tity . Log[k(RX)/k(MeX)] was l in e a r  fo r  re a c tio n  (11) (R = Me, E t, Pr11, 
P r1, Peneo) :
RSn(Pen e 0 ) 3 + Br2 RBr + (Peneo) 3SnBr (1 1 )
and concluded th a t  re a c tio n  (1 1 ) proceeds w ith  in v e rs io n  a t  th e  s i t e  
o f  s u b s t i tu t io n .  Abraham and G r e l l i e r ^  a lso  p lo tte d  log[k(RtjSn)/k(M e4 Sn)3 
fo r  re a c tio n  (5) (R = Me, E t, Pr11, Bu11, Bu1, P r1, Pe1 1 0 0  and X = 0A6) in  
methanol a g a in s t th e  q u an tity  log[k(RX)/k(MeX)] fo r  ty p ic a l  S^2 re a c tio n s  
o f  a lk y l h a lid e s , and ob tained  a graph d i f f e r e n t  to  th a t  ob ta ined  fo r  
re a c tio n  (11). They explained  th a t  bo th  re ac tio n s  e x h ib it  la rg e  s t e r i c  
e f fe c ts  b u t in  the  re a c tio n  under c o n s id e ra tio n , re a c tio n  (5) (X = OAc), 
th e  e f f e c t  fo r  the  a - s u b s titu te d  a lk y l groups a re  d i f f e r e n t  from those fo r  
th e  {^-substitu ted  a lk y l group. On th i  s ev id e rce , re a c tio n  ( 5 ) (X = OAc) in
methanol i s  th e re fo re  n o t an 2(open)^ p ro cess . Since re a c t io n  (5)
(X = OAc) in  methanol probably  proceeds through an open t r a n s i t io n  s t a t e ,
40i t  was suggested th a t  th e  re a c tio n  i s  Sg2(open)^e t . On th e  grounds 
th a t  th e  s t e r i c  e f fe c ts  in  re a c tio n  (5) (X = 1 ,  Cl) p a r a l le l  c lo se ly  
s t e r i c  e f fe c ts  in  re a c tio n  (5) (X = OAc), the S^2(open)^e t  mechanism was 
a lso  a s s ig n e d ^  to  these  re a c tio n s  as w e ll.
The above method was a lso  a p p l ie d ^  to  the  re a c tio n s  o f  a lk y l-
•k
cobaloximes w ith  m ercury(II) a c e ta te  in  aqueous s o lu tio n , s tu d ie d  by
Schrauzer and co -w o rk e rs^ , and alkylcobaloxim es w ith  Hg2+ by Adin and
43 40Espenson . Abraham and G re l l ie r  ob tained  th e  same p a t te r n  as fo r
re a c tio n  (S) (X = OAci, I ,  C&) and concluded th a t  the above re a c tio n s  proceed
by th e  S^2(open)^0 t mechanism. The same mechanism had p rev io u sly  been
suggested by Adin and Espenson^, and th e  method used by G r e l l i e r ^  agrees
w ith  Jen sen ’s co n c lu s io n s '^ . Using th e  above method, th e  mechanism o f
Sg2(open)^e t  was a lso  envisaged fo r  a number o f  re a c tio n s  o f  unsymm etrical
te t r a - a lk y l t in s  (e .g . RSnPr1, where R = Me, E t, Pr11, Bu1, Peneo, P r1) ,
44 45w ith  mercury (I I) a c e ta te  in  methanol . However, Espenson and co-workers
have rep o rted  th a t  s tereochem ical in fe ren ces  drawn from k in e t ic  d a ta
concerning r e la t iv e ly  unknown re a c tio n  systems in  which th e  s tru c tu re s
d i f f e r  markedly from th e  comparison re a c tio n s  may s tan d  roughly a 50-50
chance o f  being  c o r re c t .  These workers have shorn th a t  th e  re a c t io n
2 +
between alkylcobaloxim es and Hg occurs w ith  in v ers io n  o f  c o n f ig u ra tio n .
A(\However, q u ite  re c e n tly  Espenson e t  a l  have rep o rted  th e  r e s u l t s  o f  a
study  o f  the  chemical k in e tic s  o f th e  chromium-carbon bond c leavage o f  a
2 "t"fam ily  o f  (H20 ) 5CrR (R = prim ary o r secondary a lk y l,  a h a lo a lk y l o r  a
2 + +benzyl s u b s titu e n t)  by e le c tro p h ile s  such as Hg , CH3Hg and Br2 . From
•k
Cobaloxime i s  the  t r i v i a l  name given to  b is  (dim ethylglyoxim ato) 
c o b a lt compounds.
the  comparison o f  the  r e la t iv e  r a te s  o f th ese  re a c tio n s  w ith  o th e r 
re a c tio n s  o f  known s tereochem istry  (given in  Table 6 ) ,  t h e y ^  have 
te n ta t iv e ly  suggested th a t  the  above re a c tio n s  proceed w ith  in v e rs io n  o f 
c o n fig u ra tio n . R e la tiv e  r a te s  are  given in  Table 6 (p . 44).
I t  i s  ev iden t from the  d a ta  in  Table 6 th a t  th e  r a te  sequences fo r  th e  
re a c tio n s  1, 2, 3 and even 4 do n o t p a r a l le l  e i th e r  th e  sequence expected 
fo r  s u b s t i tu t io n  w ith  in v e rs io n , re a c tio n  No. 5 in  Table 6, o r  w ith  an 5^2 
re a c tio n . Furtherm ore, Espenson uses r a te  sequences h ere  to  a ss ig n  the  
s tereochem ical course o f  th e  re a c tio n s  y e t he has p r e v io u s ly ^  c r i t i c i s e d
th is  method, claim ing th a t  i t  only has a 50-50 chance o f  b e in g  c o r re c t .
47W hitesides and Boshetto have observed a t  le a s t  90% re te n t io n  o f  
co n fig u ra tio n  fo r  th e  cleavage o f  Threo-Bu^-QIDCHDFe (CO) 2Cp by mercury (I  I) 
c h lo rid e  in  benzene. No k in e t ic  s tu d ie s  were re p o rte d , so i t  i s  n o t known 
fo r  c e r ta in  i f  the  re a c tio n  i s  o f  an S^2 (open) ty p e .
The re ac tio n s  o f  th re o -  and erythro-MeCH(NMe2 ) *MeCH(HgC£) w ith  
PdC£2 (PhCN)2 in  THF have a lso  been rep o rted  to  proceed w ith  r e te n t io n  o f  
c o n f ig u ra t io n ^  a t  th e  s i t e  o f  s u b s t i tu t io n .  Tada and Ogawa^ have 
dem onstrated in v e rs io n  o f  co n fig u ra tio n  fo r  th e  cleavage o f  t r a n s - 4 - t -  
butylcyclohexylcobaloxim e by mercury (I  I) n i t r a t e ,  and a lso  fo r  th e  cleavage 
o f  cis-2-hydroxycyclohexylcobaloxim e by th e  same e le c t r o p h i le . The 
re a c tio n s  are  rep o rted  to  be o f  the  S^2 ty p e .
Evidence fo r  o th e r p o ss ib le  mechanisms
I t  has been shown by sev e ra l in v e s tig a to rs  th a t  e le c t r o p h i l ic
cleavage o f  a lk y l- t r a n s i t io n  m etal bonds occurs-w ith  r e t e n t i o n ^ * ^  o r
47 51 •in v e rs io n  5 o f  c o n fig u ra tio n  a t  th e  carbon undergoing s u b s t i tu t io n .
52I t  has been suggested th a t  the  in v ersio n  o f  c o n fig u ra tio n  a t  th e  
a-carbon  observed when some a lk y l - t r a n s i t io n  m etal complexes r e a c t  w ith
4  q.
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halogens is  th e  r e s u l t  o f  o x id a tio n  o f  the  complex by the  e le c tro p h iie  (12)
(not the  d i r e c t  a t ta c k  by th e  e le c tro p h iie  a t  a -ca rb o n ), so th a t  th e
a c tu a l carbon-m etal bond cleavage takes p lace  by a ra p id  subsequent
51 52n u c leo p h ilic  a t ta c k  a t  th e  a-carbon (13), fo r  example: 9
RCoI I I (CH)2L + !X2 -» [RCoIV(CH)2L]+X_ (12)
[RCoIV(DH)2L]+ + X
CoI I (IH )2L + |X2 ->■ XCoI I I (DH)2L (14)
(DH = dim ethylglyoxim ate an ion; L = n e u tra l  ligand )
H alogenation o f  fo u r-co o rd in a te  a lk y lp la tin u m (II)  and -p a lla d iu m (II)
complexes g en era lly  proceeds v ia  o x id a tiv e  ad d itio n  to  give s ix -c o o rd in a te
platinum (IV) and palladium (IV ) in te rm ed ia te s , follow ed by red u c tiv e
e lim in a tio n  o f  a lk y l h a l i d e ^ .  A s im ila r  mechanism is  b e l ie v e d ^  to
operate  fo r  th e  bromine cleavage o f  MeCH(C02Et)Mn(C0) 5 which proceeds
w ith  r e te n t io n  o f c o n f ig u ra tio n ^ *  W hitesides e t  a l ^ 5^  have shown
th a t  halogenation  o f  th re o -  and erythro-B ut CHDCHDFe(CO) 2 (n5-C5H5) to
give Me3CCHOCHDX proceeds w ith  in v e rs io n  o f  c o n fig u ra tio n . On th e  o th e r
hand, oxi.dation w ith  bromine, c h lo r in e , oxygen o r  cerium(IV) in. methanol
gave th e  methyl e s te r  Me3CCHDCHDC02Me, w ith  re te n t io n  o f  c o n f ig u ra tio n ,
w hile c h lo r in a tio n  in  chloroform  a lso  y ie ld ed  the  ac id  c h lo r id e ,
Me 3CCHDCHDCOC£ again  w ith  re te n t io n  o f  c o n fig u ra tio n . To e x p la in
55h alogenation  w ith  in v ers io n  they  suggested two p o ss ib le  mechanisms, an
Sg2 (open) Inv, and a p re lim in ary  tw o -e lec tro n  o x id a tio n  o f  th e  iro n  follow ed
by backside n u c leo p h ilic  a t ta c k  on th e  a-carbon atom as in  (1 5 ). The
56l a t t e r  mediansim has been supported by A ttig  and Wojciclci , who 
dem onstrated th a t  cleavage o f  ( I I I )  (and i t s  epimer) w ith  a d e fic ie n c y  o f
[X"...RCoIV(DH)2L] 
RX + CoIi:(DH) L (13).
iod ine  (as w ell as w ith  HI and Hgl2) re su lte d  in  p a r t i a l  ep im eriza tio n  a t  
iro n  o f  both  unreacted  ( I I I )  and the  re s u l t in g  iod ide (V), re a c tio n  (15):
( I I I )  (IV) (V)
The observed ep im eriza tion  was re a d ily  accommodated by th e  above re a c tio n  
scheme involving in te rm ed ia te  (IV) . I t  was argued th a t  such a sp ec ies  
might w ell be f lu x io n a l , g iv ing  r i s e  to  ra p id  co n fig u ra tio n a l changes a t  
iro n . For the S02 in s e r t io n  re a c tio n  w ith  ( I I I ) , a  co n tac t ion  p a i r
([M]+SOaR ) as an in te rm ed ia te  w ith  a h igh  c o n fig u ra tio n a l s t a b i l i t y  has
56 57been suggested . More re c e n tly  B aird  e t  a l  have rep o rted  a s im ila r
mechanism to  th a t  ju s t  considered , in  th a t  th e  halogen cleavage o f  th re o -
PhCHDCHDFe(CO) 2 (n5 -C5H5) involves i n i t i a l  a t ta c k  a t  m etal r a th e r  than  a t
carbon through the  f lu x io n a l in te rm ed ia te  [n5 -C5H5 Fe(C0 ) 2 X(CHDCHDPh) ] +
follow ed by red u c tiv e  e lim in a tio n  o f th reo-phenethy l h a lid e  as w e ll as
ery th ro -phenethy l h a lid e , th e  l a t t e r  through a non-chain r a d ic a l  p ro cess .
/  .
58W ojcicki and co-workers have shown th a t  the  e le c t r o p h i l ic  s c is s io n  
o f n 5 -C5H5 Fe(CO)2R by HgCft2 can proceed v ia  th re e  d i s t in c t  pathways 
depending upon th e  a lk y l fragm ent, R, equations (16), (17) and (18):
n 5 -C5H5 Fe(CO) 2R + HgC£ 2 + n 5 -C5H5 Fe(CO) 2CJi + RHgC£ (16)
n 5 -C5H5 Fe(CO) 2R + HgC&2 + n 5 -C5H5 Fe(CO) 2HgC£ + RC& (17)
n 5 -C5H5 Fe(CO) 2R '!'HgCi62 ’ F e-con ta in ing  m a te r ia l 1
+ !Hg2 C£2+ organ ic  p roducts + GO
R eaction (16) occurs when R = Me, E t, GH2SiMe3, CH2CHzCMea, Eh and
P-CcHi*OMe; re a c tio n  (17) i s  observed w ith  R = CMe3 and CH(Me)Ph; and
re a c tio n  (18) takes p lace  when R = CHMe2 and to  a s l ig h t  e x te n t when
R = E t, CH2CH2CMe3 , CMe3 and CH(Me)Ph. When R = CHMe2, th e  o rgan ic
products were analysed as cyclopentad iene, propene and 2-chloropropane;
the iron-containing material which shows neither CO n o r  C5H5 was not fully
c h a ra c te r is e d . The k in e t ic s  o f th e  re a c tio n  o f  the  R = Me, CMe3 and
CHMe2 complexes w ith  HgC&2 (re ac tio n s  (16), (17) and (18) re sp e c tiv e ly )
were a lso  in v e s tig a te d . I t  was found th a t  th e  k in e tic s  obeyed a  th i rd -
o rder r a te  exp ression , when R = Me and CMe3, f i r s t - o r d e r  in
n 5-CsH5Fe(CO) 2R and second-order in  HgC£2; however, when R = CHMe2,
re a c tio n  (18) follow s second-order k in e t ic s ,  f i r s t - o r d e r  in  each r e a c ta n t .
The follow ing mediansim which d i f f e r s  markedly from those  o f  an S^2 (R et.
58o r In v .) type has been suggested fo r  th e  re a c tio n s  s tu d ie d .
Fe-R + HgC&2
Ki
Fe
R
HgC&2_
lHg2C&2 + [Fe-R]C£ decomp (19)
[ / R 1 k2 r ■/ Hgc£]
Fe + HgCi2 Fe
_ x H g a 2. X R
HgCit:
or
/
Fe
\
PIgC£
R
HgC£; Fe-C£ + RHgC£ + HgC£2
-*• FeHgCi + RCi + HgC£2
(20)
Fe e n 5-C5H5Fe(C0)2
E le c tro p h il ic  cleavage o f th e  Fe-C bond by halogen has been proposed by 
59Flood and D iSanti to  occur according to  th e  follow ing mechanism, 
through a re a c tiv e  in te rm ed ia te . The S^2 displacem ent on carbon by X
would r e s u l t  in  in v e rsio n  o f co n fig u ra tio n .
R R
— Fev  + E - N ■- ■ - —Fe -  E + N" (21)
/  ^
(R = PhCH2CD2-_) (E-N = Br-Br)
I V  I
N R —  Fe —  E ■ N-R + -  Fe —E (22)
/  V  Inv I
In  th e  case o f e le c tro p h ile s  such as HgX2 o r HX th e  suggested  mechanism 
can be p ic tu re d  as below:
R R
I I
—  Fe—  + E - N   ------- > — F e — E + N  (23)
J X \
(R = PhCH2CD2.)  (E-N = H-X ) .
( HgX-X)
R — Fe — E -5®L. ee + Fe+ (24)
. . /  \  /  \
■f* »|* a,
When E = HgC  ^ o r H th e  displacem ent by N would r e s u l t  in  r e te n t io n  o f  
c o n fig u ra tio n  a t  the  a-carbon  o f  th e  R group.
A to t a l l y  d i f f e r e n t  mechanism to  those  described  e a r l i e r  has been 
proposed by Kochi e t  a l ^  fo r  some re a c tio n s  involv ing  o rg an o m eta llic  
compounds. The b a s is  o f  th e i r  id ea  i s  th a t  because most o rg an o m eta llic  
in term ed ia tes  have r e la t iv e ly  low io n iz a tio n  p o te n t ia ls ,  e le c tro n  t r a n s f e r  
p ro cesses , as w ell as o th e r e f f i c i e n t  f re e  ra d ic a l  chain  p ro cesses  a re  
p o s s ib le .
R - M + E+ [R-M? E] •+ R. + M+ + E. e tc  (25)
They have shown th a t  th e  re a c tio n s  o f  a s e r ie s  o f  m e th y l/e th y lle a d  
compounds (E tu_nPbMen , 4 $ n £ 0) w ith  h e x a ch lo ro irid a te  (IV) in  so lv en ts
a c e t ic  ac id  and a c e to n i t r i ie  fo llow  second-order k in e t ic s .  The r a te  . 
co n stan ts  k 2 in c rease  p ro g ress iv e ly  as methyl i s  rep laced  by e th y l groups, 
and a given e th y l group i s  cleaved approxim ately 25 tim es f a s t e r  than  a 
methyl group. They suggested th a t  th e  r a te - l im it in g  s te p  w ith  
hexachloroiridate(TV ) occurs p r io r  to  a lk y l t r a n s f e r ,  and th e  fo llow ing 
mechanism was proposed, equations (26), (27) and( 28):
Ri,Pb + i r ^ a r  Ri,Pb.+ + I r i n « t '  (26)
R„Pb? r . + R3pb+ (27)
R. + I r Wa r  - -f a S t> RCJ. + l r l n a l '  e tc .  (28)
TV 2 ”They concluded th a t  a lk y lle a d  compounds r e a c t  w ith  I r  Cl6 by an e le c tro n  
t r a n s f e r  mechanism described  in  equations (26), (27) and (28).
61Kochi e t  a l  have a lso  shown th a t  th e  cleavage o f  th e  C-Hg bond in  
a s e r ie s  o f  symmetrical as w ell as unsymmetrical d ialkylm ercury  compounds, 
th a t  i s ,  R2Hg and RHgCIh (R 'f Me, E t, P r1 and Bu^) by h ex ach lo ro irid a te (IV ) 
in  so lv en t a c e to n i t r i ie  and a c e t ic  ac id  proceeds through an e le c tro n  
t r a n s f e r  p rocess. They have found th a t  the  cleavage p rocess fo llow s 
second-order k in e t ic s , and th e  r a te  o f  cleavage i s  h ig h ly  dependent on 
th e  s tru c tu re  o f the  a lk y l group. The observed r e la t iv e  r a te s  a re  as 
fo llo w s:
R = Me : Et : P r1 : Bu*"
(29)
= 10° : 103 : 10s : 10s
A s im ila r  mechanism to  th a t  suggested fo r  the  re a c tio n s  between t e t r a -  
a lk y lle ad s  and h e x a c h lo ro ir id a te  IV) was again  p o s tu la te d . The p o s s ib i l i ty  
o f  cleavage o f dialkylm ercury compounds by h e x a c h lo ro ir id a te  (IV ), through 
an e le c tro p h i l ic  re a c tio n  was ru le d  o u t, equation  (30):
RaHg + IrC^i — >- RHg+ + RC&IrC&s e tc .  (30)
They argued th a t  the  observed s e le c t iv i ty  i s  n e t c o n s is te n t w ith  d i r e c t
a tta c k  on th e  a lk y l -mercury band. For example, in  p ro to n a ly s is , p ro ton
tra n s f e r  tak es p lace  a t  le a s t  102 tim es more slowly a t  th e  s te r i c a l l y  
t  th indered  Bu -Hg bond in  Bu HgMe than  an eq u iv a len t Me-Hg bond in  MeHgMe.
In  c o n tra s t ,  cleavage o f  Bu^HgMe and MeHgMe by I r^ C J if ' proceeds by a 
f a c to r  o f  106 in  favour o f  Bu1',  which c o n tra s ts  s tro n g ly  w ith  th e  p a t te rn  
in  e le c tro p h i l ic  mechanisms. They concluded th a t  th e  r e la t iv e  r e a c t iv i t i e s  
o f  R2Hg compounds can be employed in  th is  manner as a d iag n o s tic  c r i te r io n  
to  d i f f e r e n t ia te  e le c tro n  t ra n s fe r s  from e le c tro p h i l ic  p rocesses in  
cleavages by v arious reag en ts .
In  view o f  the a b i l i t i e s  o f  o th e r o rganom etallic  compounds to  a c t  as
62e le c tro n  donors and e le c tro p h ile s  to  be o x id an ts , Kochi and Gardner 
have a lso  dem onstrated th a t  in s e r t io n  o f  TCNE (te tracyanoethy lene) in to  
a lk y l -m etals can occur by an e le c tro n  t ra n s f e r  p ro cess . They have shown 
th a t  in s e r t io n  re a c tio n s  o f  TCNE w ith  organolead compounds involve a 
s im ila r  r a te - l im it in g  process which i s  given in  th e  fo llow ing equation  (31)
k 2 [R-TCNE", +PbR3]
R„Pb + TCNE ----- .  [TCNE7, ,RPbR3.]
b " ^  [R-TCNE., ,PbR3] (31)
-» products
According to  th e  e le c tro n  t r a n s f e r  mechanism, a c tu a l t r a n s f e r  o f  an a lk y l 
group from the organolead species  to  th e  cyanoolefin  occurs subsequent to  
the  ra te -d e te rm in in g  s te p . The a lk y la tio n  involv ing  th e  t r a n s f e r  o f  the
4* »
a lk y l group from R4Pb. to  TCNE. i s  probably a cage p ro cess , and in  view
o f  th e  p o s s ib i l i ty  o f  t r a n s f e r  o f  a lk y l as R. o r R as given in  pathways
+ -a and b , they suggested th a t  a lk y l t r a n s fe r  occurs w ith in  th e  [R4P b ., TCNE.] 
ion p a i r  by an analogous mechanism, given in  pathway a . Q uite re c e n tly  
Kochi and Gardner ‘ have rep o rted  th a t  in s e r t io n  re a c tio n s  o f  TCNE w ith  
te tra a lk y  11ins and dialkylm ercurys occur w ith  th e  same mechanism as th a t
SECTION 3
EVIDENCE FOR THE MECHANISMS OF ELECTROPHILIC  
SUBSTITUTION AT AROMATIC CARBON
In tro d u c tio n
Replacement o f  a hydrogen from an arom atic r in g  by a m etal con ta in ing  
group was considered  e a r l i e r  (see S ection  1, p . 27). In  th i s  s e c tio n  some 
e le c t ro p h i l ic  s u b s t i tu t io n  rea c tio n s  in  which a s u b s ti tu e n t M (M = m etal 
con ta in ing  group) a ttach ed  to  th e  arom atic r in g , i s  rep laced  by ano ther 
s u b s t i tu e n t ,  X (X = m etal con ta in ing  group, halogen, hydrogen), w i l l  be 
considered . For th e  sake o f comparison, in  some cases re a c tio n s  o f  
a lk y l-m eta l and a ry l-m eta l are  considered  to g e th e r .
R eactions involv ing  m etal fo r  m etal exchange
64R eactions (1) and (2) have been in v e s tig a te d  by Dessy and Lee 
in  so lv en t dioxane:
R2Hg + HgX2 + 2RHgX 
Ar2Hg + HgX2 + 2YC6HltHgX
Reactions (1) and (2 ), where X = I ,  a re  second-order o v e ra ll ;  com petition  
experim ents showed th a t  they took p lace  w ith  in c reasin g  ease along th e  
s e r ie s  o f  m ercury(II) s a l t s ,  HgC&2 > HgBr2 > Hgl2 . The determ ined r a t e  
constan ts  and a c tiv a tio n  param eters fo r  re a c tio n s  (1) and (2) , w ith  
Ar = Ph, fo r  comparison purposes, are  given in  Table l . ( p .  53).
Diphenylmercury re a c ts  120 tim es f a s t e r  than  d iethy lm ercury , a 
r e s u l t  which confirm s the  g e n e ra lis a tio n  th a t  e le c t ro p h i l ic  s u b s t i tu t io n  
occurs more re a d ily  a t  a ry l-ca rb o n  than  a t  a lk y l-ca rb o n . I t  i s  
in te re s t in g  to  observe th a t  the  e n t i r e  change in  th e  re a c t io n  r a te  
noted from a lk y l to  a ry l i s  due to  the  entropy term . In  Table 2 ( p .53 ) 
the  r a te  co n stan ts  and a c tiv a tio n  param eters fo r  re a c tio n  (2) a re  
l i s t e d .
a )
(2)
TABLE 1
Rate co n stan ts  and a c tiv a tio n  param eters fo r  cleavage o f  
organom ercurials by Hgl2 in  d io x a n e ^
Compound
CRzHg)
2  5 °
k 2 x 1 0 * 
(X mol l s
Ea
(Kcal m ol"1)
-AS^
(ca l deg-1mol *)
Me2Hg Too slow 
to  measure
- -
E t2Hg 1.63 12.3 28
Pr^Hg 1 . 8 6 1 2 . 2 28
Pr|Hg 1.60 1 2 . 0 ; 29
Ph2Hg 197 1 2 . 8 16
TABLE 2
Rate constan ts  and a c tiv a tio n  param eters fo r  re a c tio n
( L A  [
between (Y-CsiU) 2Hg and Hgl2 in  dioxane
*
Y
, k i 5°
(£ mol 1 s~1)
Ea
(Kcal mol 1)
-AS*
(ca l deg xmol x)
ch 3o- 71.5 -
ch3- 13.1 1 0 . 6 2 0
C6H5 - 2.25 1 2 . 0 19
H- 1.97 1 2 . 8 16
F- 0.420 12.9 19
CA- 0.092 14.5 17
A ll the  s u b s titu e n ts  are in  p ara  p o s it io n s .
I t  can be seen th a t  the  r a te  i s  enhanced by e lec tro n -d o n a tin g  groups, 
and decreased by electron-w ithdraw ing ones. From a p lo t  o f  log k f 5 values 
(Table 2) versus a v a lu es , a value o f  p = -5.87 was o b ta in ed . This la rg e ,  
n egative  p -value was suggested to  in d ic a te  th e  importance o f  th e  e le c t r o ­
p h i l i c  a t ta c k  on carbon as compared to  p o ss ib le  n u c le o p h ilic  a t ta c k  on 
mercury and p o in ts  to  the  ready p o la r iz a t io n  o f  the  a tta c k in g  sp e c ie s . The 
e f fe c ts  o f  added w ater and lith iu m  iod ide  were a lso  s tu d ied  on the  re a c t io n  
between diphenylmercury and mercury (I I) io d id e  in  so lv en t dioxane a t  2 5 °C .^  
Table 3 con ta ins d a ta  fo r  the  e f fe c ts  o f  added w ater on th e  r a te  o f  th e  
mentioned re a c tio n .
TABLE 3
E ffec ts o f  added w ater on th e  re a c tio n  between Ph2Hg
and Hgl2 in  dioxane a t  25°C
h2o /o k 2 (£ mol~1s~ 1)
0.00 1.97
0.10 2.00
1.00 2.17
5.00 3.46
10.00 6 .’80
The added iod ide ion (up to  5 mole % o f  lith iu m  iod ide) had no 
e f f e c t  upon th e  r a te .  From the  r e s u l t s  considered  h e re , Dessy and Lee 
suggested th e  fo llow ing fo u r-ce n tre  t r a n s i t io n  s ta te s  fo r  re a c tio n s  (1) 
and (2) (R = a lk y l o r a r y l ) :
They p re fe r re d  t r a n s i t io n  s ta te  ( I I )  on th e  b a s is  th a t  th e  ease o f  
io n iz a tio n  o f  th e  Hg-X bond in  HgX2 p a r a l le l s  the  r e a c t iv i ty  w ith  th e  
R2Hg confound, thus favouring ion  p a i r  a t ta c k  over m olecular a t ta c k . The 
re a c tio n  between dipheny Imer cury and m ercury(II) iod ide was a lso  s tu d ie d  
by Dessy e t  a l ^  in  a v a r ie ty  o f  so lv e n ts . The r e s u l ts  a re  g iven in  
Table 4.
TABLE 4
Rate co n stan ts  and a c t iv a t io n  param eters fo r  the  re a c tio n
f\ ^
between Ph2Hg and Hgl2 in  various so lv en ts
C l *  k 2 (2S°C) E -AS+Solvent a _,
(£ mol s ) (Kcal mol ) (ca l deg mol" )
Dioxane 2 .0  12.8 16
Dioxane 5% H2 O 3.5 -
Dioxane 10% H2 O 6.8  - 7
Cyclohexane 15.9 7.6 31
Benzene 29.2 7.6 28
Ethanol 62.8 11.7 13
From Table 4 , the  co o rd in a tin g  so lv en ts  produce h ig h er a c t iv a t io n
energ ies and le s s  n egative  e n tro p ie s , whereas non -coord ina ting  so lv e n ts
produce the  opposite  s i tu a t io n .  These workers a lso  rep o rte d  th e  r a te s  o f
phenylethylm ercury w ith  m ercury(II) iod ide  in  so lv en t dioxane
( k |5 = 58.0 & mol 1s *), which i s  even h ig h er than  th e  r a te  fo r  the  r e a c t io n
o f diphenyImercury w ith  m ercury(II) io d id e . From the  r a t io  o f  over 7000 o f
the r a te  o f  phenylethylm ercury w ith  diethyIm ercury they  assumed th a t  i t  i s
the phenyl group which i s  cleaved in  the  re a c tio n  o f  phenylethylm ercury ,
and to  t e s t  th is  they  c a r r ie d  ou t th e  re a c tio n  o f  phenylethylm ercury w ith  
*
la b e lle d  m ercury(II) ch lo rid e  in  m ethanol. They found th a t  th i s  r e a c t io n
&
L abelled  mercury denotes Hg203
f.C.
gave a s t a t i s t i c a l  d is t r ib u t io n  o f  m ercury, b u t i t  has s in ce  been shown 
th a t  th i s  i s  n o t the  case s in ce  cleavage occurs 95% a t  the  ary l-m ercury  
bond so th a t  most o f  th e  la b e l ends up in  the  ary lm ercu ry (II) c h lo r id e .
f\f\
On th is  b a s is  Reutov e t  a l  proposed t r a n s i t io n  s ta te  ( I I I )  which i s  
s im ila r  to  (I) o r ( I I ) .
E t 
I
Hi ' .
( I l l )
. Cl 
* >
Hg
Cl
E xtensive use has been made o f  the  iso top ic-exchange re a c tio n s  o f
organomercury compounds in  th e  e lu c id a tio n  o f  the  mechanism o f  e le c tro -
6 7 70p h i l i c  s u b s t i tu t io n  a t  a s a tu ra te d  carbon atom ~ . In  th e  study o f
71th is  type in  th e  arom atic s e r ie s ,  Reutov and co-workers have s tu d ie d  
th e  k in e tic s  o f  the  iso to p ic  exchange o f  phenylm ercury(II) c h lo rid e  w ith  
rad io a c tiv e  m ercury(II) ch lo rid e  in  so lv en t anhydrous to lu en e . They have 
shorn th a t  th e  re a c tio n  (3) follow s t o t a l  second-order k in e t ic s  and i s
Ph-HgC& + H g * a2 ^  Ph-Hg*G£ + HgC&2 (3)
f i r s t - o r d e r  w ith  re sp e c t to  each o f  th e  components. The determ ined
a c tiv a t io n  energy from the  r a te  measurements a t  tem peratures o f  25 .5 ,
o 1 '30.1 and 39.5 C i s  equal to  6.09 Kcal mol~ . The mechanism suggested  i s
rep resen ted  by the follow ing scheme:
The proposed t r a n s i t io n  s ta t e  (IV) fo r  re a c tio n  (4) i s  analogous to  ( I I I )
on p . 56 . in  c o n tra s t  to  th e  above re a c tio n  in  so lv en t anhydrous to lu e n e ,
*
the iso to p ic  exchange o f  phenylraercury(II) ch lo rid e  w ith  m ercury (II)
ch lo rid e  in  w a te r-sa tu ra te d  benzene, a mixed mechanism o f  th e  re a c tio n  has
72 *been observed : a  f i r s t - o r d e r  term  w ith  re sp e c t to  th e  m ercury(II)
ch lo rid e  and a 1 .7  o rder term  w ith  re sp e c t to  th e  organom ercury(II) s a l t .
The a c t iv a t io n  energy was 3.5 Kcal mol 1 . In  ano ther study o f  th e  is o to p ic
73exchange r e a c tio n s , Reutov and co-workers have in v e s tig a te d  the  is o  to p ic  
exchange between phenylm ercury(II) bromide and la b e lle d  mercury (I I) bromide 
re a c tio n  ( 5 ) , in  so lv en t methanol a t  12, 17, 22, 30 and 40°C.
Ph-HgBr + Hg B r2 PbHg Br + HgBr2 (5)
They have shown th a t  re a c tio n  (5) i s  b im o lecu lar, and is  f i r s t - o r d e r  w ith
re sp e c t to  each r e a c ta n t .  The determ ined param eters o f  th e  A rrhenius
- 1 4equation  a re : Ea = 12.8 ± 1 Kcal mol , log A = 8.5 and AST = -22 eu.
I t  i s  in te re s t in g  to  compare th e  r a te  o f  exchange between th e  above
re a c tio n  (5) in  methanol (k22°= 0.117 £ mol *s w ith  th e  r a te  o f  th e
re a c tio n  between methyImercury ( I I )  bromide and m ercury(II) bromide in
so lv en t e thano l (k200*2° = 12.8 x 10”5 I  mol *s X)^ I  T herefore one may
conclude th a t  the phenylm ercury(II) bromide en te rs  in to  an is o to p ic
exchange much more re a d ily  than  th e  organom ercury(II) compounds w ith  a
mercury atom next to  a s a tu ra te d  carbon atom.
The ad d itio n  o f  10 vol.% o f  w ater caused a 2 .2 -fo ld  in c re a se  in  th e  
re a c tio n  r a te  (5) a t  22°C. The e f fe c ts  o f  added s a l t  on re a c tio n  (5) 
were a lso  examined, and the  r e s u l ts  fo r  th e  two s a l t s ,  KCilOi* and KBr a re  
given in  Table 5; s im ila r  r e s u l t s  to  those  ob ta ined  fo r  KBr were a lso  
ob tained  fo r the  two o th e r s a l t s ,  Et^NBr and Bu?NBr.
E ffe c ts  o f  added s a l t s  on the  re a c tio n  between PhHgBr
and Hg*Br2 in  so lv en t methanol a t 22°C7 3
Type o f  s a l t [ s a l t ]  x 1 0 ** 
(£ mol"1)
k 2 x  1 0 2  
(& mol Js J)
None - 11.7
KCftO* 2.5 13.3
M 5.0 10.7
tt 12.5 10.9
KBr 2.5 25.7
h 5 .0 39.2
12.5 57.7
I t  can be seen from Table 5 th a t  ad d itio n  o f  potassium  p e rc h lo ra te  
sc a rc e ly  a f fe c ts  th e  re a c tio n  r a te .  A ddition  o f  bromide io n s , however, 
i s  considerab ly  d i f f e r e n t  from th e  s a l t  e f fe c ts  on ad d itio n  o f  potassium  
p e rc h lo ra te . However, the  e f f e c t  o f  added bromide ions ( in  th e  form o f  KBr 
Eti*NBr o r BujNBr) i s  le s s  in  magnitude than  in  the  case o f  exchange w ith  
a lky lm ercury(II) bromide (see Table 6 ) .  In  o th e r  words, c a ta ly s is  by 
bromide ions in  the case o f  th e  former re a c tio n  i s  weak, even when th e re  
i s  a la rg e  excess o f  th e  anion.
TABLE 6
Rate constan ts  fo r  the  re a c tio n  between MeHgBr and Hg*Br2 in  
methanol a t  59.8°C in  the presence o f  L iB r^
0 0.035 0.065 0.105 0.161 0.203 0.271 0.311
73Reutov e t  a l  extended th e i r  study  on re a c tio n  (5 ), u s in g  mercury* ( I I )  
a c e ta te ,  m ercury*(II) p e rc h lo ra te  and m ercury*(II) bromide in  an aqueous 
methanol medium. The r e s u l t s  a re  assembled in  Table 7, and show the  
re a c tio n  r a te  in creases  according to  th e  io n ic  ch a ra c te r  o f  th e  m ercury*(II) 
s a l t s .
TABLE 7
Rate constan ts  fo r  th e  re a c tio n  between PhHgX and Hg*X2 
in  so lv en t methanol + 1 0 % w ater
R eaction Temp
°c
k 2
(£ mol- 1 s -1)
PhHgBr + Hg*Br2 20 0.157
PhHgBr + Hg* (OAg) 2 4 2.71
PhHgBr + Hg*(O 0 0 2 4 Very f a s t
PhHgCJIOj* + Hg*Br2 4 0.684
PhHgC£04 + Hg*CC£0lt) 2 4 Very f a s t
PhHgao^ + H g * ( a o o 2 - 2 0 Very f a s t
From th e  e f fe c ts  o f  s u b s titu e n ts  on re a c tio n  (5 ) , i t  was found th a t  p -  
e lec tro n -d o n o r s u b s ti tu e n ts  speed up th e  re ac tio n s  and p -e le c tro n -a c c e p to r  
s u b s titu e n ts  r e ta rd  i t .  A c losed  t r a n s i t io n  s ta t e  such as (IV) was 
suggested fo r  the re a c tio n s  s tu d ie d , e sp e c ia lly  in  th e  case o f  e le c tro n -  
accep to r s u b s t i tu e n ts .
The k in e tic s  o f  th e  re ac tio n s  o f  dipheny Imercury and d i-p - a n is y l-
mercury, A r2Hg, w ith  a number o f  non-arom atic organomercury compounds,
74R2Hg in  so lv en t DMF, have been s tu d ied  by Reutov e t  a l  .
Ar2Hg + R2Hg 2AiHgR (6 )
The equ ilib rium  o f th e  exchange o f  ra d ic a ls  between arom atic and non- 
arom atic organomercury confounds i s  s h if te d  f u l ly  to  th e  r ig h t  in  th e  case 
where the  e le c tro n e g a tiv ity  o f  the  mercury atom in  R^Hg i s  h ig h , e .g .
R = CN. However, in  the  case o f  th e  a-oxomercury compounds (R’C0CH2) 2Hg, 
th e  re a c tio n  does n o t go to  com pletion. Reactions s tu d ie d  a re  o v e ra ll  
second-order, and f i r s t - o r d e r  w ith  re sp e c t to  each o f  th e  r e a c ta n ts .  In  
a l l  cases d i-p -an isy Im ercury  (P-MeOCeHi*) 2Hg, re a c ts  f a s t e r  than  d ipheny l- 
mercury, Ph2Hg. I t  has been concluded th a t  th e  exchange re a c tio n  takes 
p lace  as a r e s u l t  o f  th e  a tta c k  by the  e le c tro p h i l ic  mercury atom o f th e
compound R2Hg, a t  a carbon atom o f  th e  benzene r in g  o f  th e  arom atic
/
75compound, Ar2 Hg. In  c o n tin u a tio n  o f  the  above work, Reutov e t  a l  have
in v e s tig a te d  th e  k in e t ic s  o f  the re a c tio n  o f a  s e r ie s  o f  d iary lm ercury
)
compounds, Ar2Hg (mostly d e riv a tio n s  o f  dipheny Imercury) w ith  b is (p h e n y l-
ethynyl) mercury and m ercury(II) cyanide in  so lv en t DMF. R ea c tio n (( 6 ) in
the  p re sen t cases i s  o v e ra ll  second-order, i . e .  f i r s t  in  each o f  th e
re ag en ts . The e f fe c ts  o f  s u b s titu e n ts  in  th e  benzene r in g  o f  Ar2Hg has
been shown to  c o r re la te  w ell w ith  the  Hammet equation . The re a c tio n
co n stan ts  obtained  fo r  the  re a c tio n s  w ith  m ercury(II) cyanide and b is -
(phenylethynyl) mercury a re  -4.95 and -3 .24  re sp e c tiv e ly . However, a
+
c o r re la t io n  does n o t e x is t  w ith  th e  a co n stan ts  o f  Brown and values o f  
log  k2 . I t  was concluded th a t  in  th e  in v e s tig a te d  re a c tio n s  th e  s tru c tu r e  
o f  th e  t r a n s i t io n  s ta te  i s  f a r  from the  s tru c tu re  o f th e  Wheland i n t e r ­
m ediate (a - complex), and i s  in te rm ed ia te  between a a and it- complex.
The re a c tio n  between benzeneboronic a c id  and phenylm ercury(II)
76p e rc h lo ra te  has been s tu d ie d  k in e t ic a l ly  in  30-60% aqueous e th an o l ::
PhB (OH) 2 + PhHgCftOit + H20 — > PhaHg + B(0H)3+ HCA0„ (7)
Reaction- (7) i s  second-order; f i r s t - o r d e r  in  each (organic) re ag en t. The 
r a te  of re a c tio n  (7) i s  enhanced w ith  in c reasin g  the  w ater co n ten t o f  th e
medium (Table 8 ) ;  th i s  in c rease  was a t t r ib u te d  to  the  e f f e c ts  o f  d i f f e r e n t  
w ater co n ten t on th e  h y d ro ly s is  o f  th e  p e rc h lo ra te  and no t due to  the  
io n ic  s tre n g th  o f  the  medium. I t  was thought th a t  re a c tio n  (7) occurred  
between boron ic  a c id  and phenylm ercury(II) hydroxide (produced by 
h y d ro ly s is  o f  th e  p e rc h lo ra te ) .
TABLE 8
Rate co n s tan ts  fo r  th e  re a c tio n  between PhHgCftCK and
PhB(0 H) 2  in  aqueous e thano l a t 25°C76(p = 0.01)
Water com position -1(Jl mol s )o f  so lv en t (%)
70 13.3
60 8 ,5 6 ,8 .2 2 a
50 5.21
40 3.00
a Io n ic  s tre n g th  = 0 .0 4
The r a te  o f  re a c tio n  (7) in  various b u f fe r  s o lu tio n s , covering  th e  pH 
range 4-8 , was a lso  determ ined. Due to  in c o n s is te n t r e s u l t s  o b ta in ed , i t  
was concluded th a t  th e  s tru c tu re  o f th e  t r a n s i t io n  s ta te  could n o t be 
determ ined, and a fo u r-c e n tre  t r a n s i t io n  s ta te  was one suggested  
p o s s ib i l i ty .
77Benkeser e t  a l  s tu d ied  the k in e tic s  o f  re a c tio n  ( 8 ) in  so lv e n t 
a c e t ic  ac id :
ArSiR3 + Hg(OAc)?. ----- >■ ArHgOAc + R3SiOAc ( 8 )
R eaction ( 8 ) follow ed second-order k in e t ic s ;  however, the  re a c tio n  r a te s  
were measured under f i r s t - o r d e r  co n d itio n s , w ith  each reag en t in  excess ih  
tu rn . The r e s u l ts  a re  given in  Table 9 .
TABLE 9
Rate co n stan ts  fo r  the  re a c tio n  o f  XCKHuSiMe^ w ith  
Hg(0Ac) 2 in  HOAc a t  25°C77
X 10sk !a  X 
s " 1
1 0 5k ib
s~
H 1.83 H 1.03
2-Me 19.80 2-Me 11.60
3-Me 3.75 3-Me 2.67
4-Me 21.20 4-Me 11.00
2.3-Me2 42.50
3 .4 -Me 2 28.00
2.4-Me2 165.00
2 . 6 -Me2 Too f a s t
3.5-Me2
to  measure 
3.65
2.5-Me2 25.00
a [ArSiMea] = 0.017 M, [HgtOAoh] = 0.1788 M 
b [ArSiMea] = 0.400 M, [Hg(0Ad)2] = 0.04 M
From the measured f i r s t - o r d e r  r a te  co n stan ts  (Table ( 9 ) ) ,  the
second-order r a te  co n s tan ts  do n o t agree under bo th  c o n d itio n s . L a te r
2 bEabom and co-workers rep o rted  th a t  second-order k in e t ic s  fo r  re a c tio n  ( 8 ) 
could only be obtained  in  80 wt% aqueous a c id . Even w ith  th is  so lv e n t th e  
second-order r a te  co nstan ts  fo r  re a c tio n  (8 ) a t  d i f f e r e n t  (equal) 
concen tra tions o f reagen ts are  s l ig h t ly  d i f f e r e n t .
Some ad d itio n a l r e la t iv e  ra te s  were obtained  by Benkeser e t  a l '7 8  as
fo llo w s : 3-Me, 2 .51; 3 -P r1 , 3 .96 ; S-Bu*, 5 .50; 4-Me, 10 .6 ; 4 -E t, 11 .5 ;
4 -P r1 , 12.0; i-B u^, 14.0 . I t  i s  no t c le a r  which o f th e  co n d itio n s  used  by 
77Benkeser e t  a l  (Table 9) were employed fo r  th is  s tu d y , e s p e c ia lly  s in c e  
the  r e la t iv e  ra te s  quoted fo r  3-Me and 4-Me do n o t agree w ith  e i th e r  o f  th e  
s e ts  o f  d a ta  in  Table 9. In  th ese  above s tu d ie s ,  however, th e  mercury
con ta in ing  species  resp o n sib le  fo r  the  d e s i ly la t io n  was n o t id e n t i f ie d .
29Webster and co-workers have in v e s tig a te d  re a c tio n  ( 8 ) ' in  g la c ia l  
a c e tic  a c id . The determ ined r a te  co nstan ts  fo r  re a c tio n  ( 8 ) under 
s im ila r  co nd itions fo r  th e  d a ta  in  Table 9 , are given in  Table 10.
TABLE 10
Rate co nstan ts  fo r  th e  re a c tio n  o f  XCsH^Si Me3 w ith
n  ? 9Hg(OAc) 2 in  g la c ia l  a c e t ic  ac id  a t  25 C
X
[S ilane] 
mol Sf 1
[Hg(0Ac) 2] 
mol L- 1
1 0  k?b s  
(L mol~1min’"1)
H 0 .4 0.04 1.06
H 0 . 8 0.04 0 .72
2-Me 0 .4 0.04 9.68
2-Me 0.55 0.057 7.85
4-Me 0 . 2 0 . 0 2 13.1
4-Me 0 .4 0 . 0 2 8.53
4-Me 0 . 8 0 . 0 2 6.25
H 0.0092 0.18 3.70
2-Me 0.0092 0.18 29.0
4-Me . 0.0092 0.18 . -  27.7
The r e s u l ts  in  Table 10 are  n o t in  agreement w ith  the  r e s u l t s  in
Table 9 , b u t are  s im ila r  in  th e  sense th a t  in c o n s is te n t second-order r a te
29co n stan ts  were ob ta ined . Webster and co-workers found th a t  th e  second- 
o rder r a te  co n stan ts  v a rie d  w ith  th e  co n cen tra tio n  o f th e  s i la n e .  I t  
was shown th a t  the  e f f e c t  o f  s ila n e  was no t a s p e c if ic  e f f e c t ,  s in ce  
ad d itio n  o f  o th er compounds such as benzene, cyclohexane, te tra m e th y l-  
s i la n e ,  and hexam ethyldisiloxane a lso  reduced the re a c tio n  r a t e  fo r  the  
d e s ily la t io n  o f  p - to ly l tr im e th y ls i la n e  by m ercury(II) ■a c e ta te .
The e f fe c t  o f  added sodium a c e ta te  on re a c tio n  ( 8 ) (Ar = P-MeCeHi*-)
was a lso  s tud ied*^ . I t  was found th a t  the  ad d itio n  o f th e  s a l t  reduced 
th e  re a c tio n  r a te  co nsiderab ly . To ex p la in  t h i s ,  they considered  th a t  
m ercury(II) a c e ta te  in  g la c ia l  a c e t ic  ac id  e x is ts  as u n -io n ized  m olecules 
in  eq u ilib riu m  w ith  th e  aceta tom ercu ry (II) io n , (9 ) , and in  th e  p resence 
o f th e  a c e ta te  io n , tr ia c e ta to m e rc u ra te  ion  is  a lso  formed ( 1 0 ) .
e le c tro p h ile  than  the m ercury(II) a c e ta te  o r tr ia c e ta to m e rc u ra te ( I I )  io n .
T herefore th e  red u c tio n  in  th e  re a c tio n  r a te  on ad d itio n  o f  sodium a c e ta te
was a t t r ib u te d  to  th e  removal o f  th e  re a c tiv e  aceta tom ercu ry (II) io n  and
conversion to  th e  un -ion ized  m ercury(II) a c e ta te  sp e c ie s . Hie r e la t iv e
r e a c t iv i ty  o f th e  aceta tom ercury(II) ion  to  un -ion ized  mercury (I I) a c e ta te
29was c a lc u la te d  to  be 15. They suggested th a t  th e  t r a n s i t io n  s t a t e  fo r  
m ercu ry d es ily la tio n  resem bles th e  re a c ta n ts  in  th a t  very  l i t t l e  b reak ing  
o f th e  c a rb o n -s ilic o n  bond has occurred , and under th ese  co n d itio n s  th e  
r e a c t iv i ty  d iffe re n c e  i s  enhanced. The mercury d e s i ly la t io n  was found to  
in c rease  in  r a te  when w ater was added to  th e  so lv e n t, and under th e se  
cond itions th e  e f fe c t  o f sodium a c e ta te  was more marked. The in c re a se  in  
r a te  on ad d itio n  o f w ater was thought to  be due to  the  in c re a se  in  
d is s o c ia tio n  o f the m ercury(II) a c e ta te  as w ell as in c reasin g  th e  p o la r i ty  
o f  th e  medium. A c tiv a tio n  param eters fo r  re a c tio n  (8 ) (Ar = P-Me-CeHi*-) 
were a lso  determ ined, and a c y c lic  t r a n s i t io n  s ta t e  such as (V) was 
suggested fo r  the  m ercu ry d esily la tio n  o f  p - to ly l tr im e th y ls i la n e  by 
mercury ( II )  a c e ta te .
+
Hg(0Ac) 2 HgOAc+, OAc" HgOAc + OAc (9)
Hg(OAc) 2 + OAc Hg (OA'c) 3 (10)
The ace ta tom ercury(II) ion  would be expected to  be a more re a c tiv e
MeC6H4 SiMe3 + Hg(0Ac) 2
\
S i -  
Me 3
iC -  Me
: (i d
MeC 6 Hi J ] Ac + S iMe 3 OAq
(V)
+ nI t  i s  o f  in te r e s t  to  compare th is  value o f k 2 / k 2 = 1 5  (th e  r e la t iv e
r e a c t iv i ty  o f  aceta tom ercury (II) io n  to  m ercury(II) a c e ta te )  f o r  re a c tio n
+ o +(1 1 ) w ith  th e  value o f k 2 / k 2 = 100 (th e  r e la t iv e  r e a c t iv i ty  o f  HgOAo to
30Hg(OAe) 2) found by Abraham and Dadjour fo r  th e  s u b s t i tu t io n  o f  t e t r a ­
e th y l t i n  by mercury (I I) carboxy lates in  m ethanol. One may conclude th a t  
th e  m ercuration  o f  p - to ly l tr im e th y ls i la n e  by mercury (I  I) a c e ta te  i s  o f  
low s e le c t iv i ty .
The e le c tro p h i l ic  cleavage o f a r y l - t in  bonds o f some a r y l t r i e t h y l t i n
compounds w ith  mercury (I I) a c e ta te  in  so lv e n t THF has been in v e s tig a te d  by 
79Japanese workers . The s to ic h io m e tr ic  equation fo r  th e  re a c tio n s  was 
expressed by equation  ( 1 2 ) .
XC6H4 Sn(Et) 3 + Hg(0Ad) 2 — * XC6H4HgOAC + E t3SnOAc (12)
where X i s  P-Me, P-C&, P-MeO, H, m-Me, m-MeO and m-C&. I t  was found th a t  
the r a te  o f th e  re a c tio n  was so high th a t  th e  k in e t ic s  o f  th e  re a c tio n  
could n o t be measured by the  usual methods. A com petitive re a c tio n  
technique was th e re fo re  employed and th e  r e la t iv e  r a te s  were o b ta in ed .
The d a ta  are  shown in  Table 11.
TABLE 11
R ela tiv e  ra te s  fo r  a r y l - t in  cleavage o f XC6HttSn(E t3)
by mercury (II) 79a c e ta te  m  THF
X W
20°C 40°C 60°C
P-MeO 8.30
P-Me 1.76 1.94 2.08
P-C&
H
0.25
1 . 0 0
m-Me 1 . 2 1
m-MeO 0.72
0.029
From a l in e a r  r e la tio n s h ip  between log k /k., and the  Hammett s u b s t i tu e n tX ii
c o n s ta n ts , a ,  the  value o f th e  re a c tio n  co n stan t was c a lc u la te d  (P = - 3 .5 ) .  
However, th e re  was only a poor c o r re la t io n  between th e  logarithm s o f  th e
a lso  could no t be ap p lied . These workers argued th a t ,  i f  th e  r a t e -  
determ ining s te p  fo r  an arom atic re a c tio n  involves a a-complex o r  a 
benzenonium io n , then  a l in e a r  c o r re la t io n  i s  expected between th e
concluded th a t  a o-complex does n o t p a r t ic ip a te  in  the ra te -d e te rm in in g  
s te p , and th a t  th e  t r a n s i t io n  s ta t e  f o r  re a c tio n  ( 1 2 ) i s  more l ik e  a 
m-complex (V I), equation  (13), in  which th e  e f fe c ts  o f  th e  s u b s t i tu e n ts  
are  no t as im portant as in  a normal arom atic re a c tio n . Another p o s s ib i l i ty  
was th a t  e lim in a tio n  o f th e  t r i e t h y l t i n  group i s  concerted  w ith  a t ta c k  o f  
m ercury(II) a c e ta te  o r an e le c tro p h ile  derived  from i t ,  (VII) .
(VII)
The k in e t ic s  o f  the re a c tio n  o f RSnMe3 (where group R i s  as shown 
in  Table 12) w ith  HgC£ 2 in  so lv en ts  methanol and dim ethyl su lfo x id e  (DMSO)
RSnMe3 w ith  HgCf2 was considered to  take p lace  in  two s ta g e s , o f  which 
the second i s  f a s t .
kr e ^ values and th e  Brown s u b s ti tu e n t c o n s ta n ts , a +. The Yukawa-Tsuno
4-
s u b s t i tu e n t  e f f e c ts  and a co n stan ts  (o-complex o f  Brown) o r b e t t e r ,  in  
terms o f  a com bination o f  o constan ts  and o+ co n s ta n ts . They th e re fo re
SnEt3 + Hg(0Ac)2 products
Hg(OAd) 2
(VI) (13)
80 81has been s tu d ied  p o la ro g rap h ica lly  by Reutov e t  a l  ? As in  th e  case
37o f th e  re a c tio n  between R^Sn (R i s  an a lk y l) and HgX2- , th e  re a c tio n  o f
k2
Ri^ Sn + HgX2 -----*• RHgX + R3SnX (14)
R3SnX + HgX2 i  R3Sn+ + HgX3 (IS)
80They showed fo r  th e  re a c tio n  o f RSnMe3 w ith  HgC£ 2 in  methanol no complex
form ation , equation  (15 ), takes p la ce ; th i s  r e s u l t  i s  in  agreement w ith
th e  r e s u l ts  ob tained  fo r  th e  re a c tio n  o f R^Sn w ith  HgC£ 2 in  so lv en ts
33 37methanol and aqueous methanol by Abraham e t  a l  9 . The values o f th e
second-order r a te  co n s tan t fo r  th e  re a c tio n  between RSnMe3 w ith  HgC£ 2 in
so lv en t methanol were measured a t  various tem peratures and th e  thermo­
dynamic param eters were determ ined (Table 12). In  so lv en t DMSO, however, 
81Reutov e t  a l  found th a t  th e  re a c tio n  takes p lace  in  two s tag e s  and th e  
form ation o f th e  complex HgC£ 3 p lays a determ ining r o le .  They considered  
th a t  in  the presence o f  the  C£ anion a re a c tio n  w ith  HgC£ 2 under th e  
ac tio n  o f C£ (16) o r a re a c tio n  w ith  th e  HgC£ 3 ion  a lso  takes p la c e '(17) 
b u t they  showed th a t  the  c o n tr ib u tio n  o f th ese  re a c tio n s  to  th e  t o t a l  
k in e t ic s  o f  the  process i s  sm all in  comparison w ith  re a c tio n  (14)
(X = C£).
RSnMe3 + HgC£ 2 + C£“ — Me3SnC£ + RHgC£ (16)
RSnMe3 + HgC£ 3 — * Me3SnC£ + RHgC£ (17)
The form ation constan t o f  th e  complex HgC£ 3 was determ ined and th e  tru e  
r a te  co n stan t was c a lc u la te d  (Table 12).
From th e  id e n t i f ic a t io n  o f  the  re a c tio n  products in  th e  s e r ie s  o f 
compounds s tu d ie d , they showed th a t  in  so lv en t methanol in  a l l  cases th e  
group R i s  s p l i t  o u t, whereas in  so lv en t DIvSO, when R = C4H3 , C6H5 CH2 and 
CF3 a methyl group i s  s p l i t  o f f .
Comparing the value o f th e  r a te  co n stan ts  k 2 (Table 12) in  so lv en ts
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methanol and DMSO i t  i s  seen th a t  the  r a te s  o f  the  v in y l,  phenyl and 
benzyl (and p o ssib ly  a l ly l )  d e r iv a tiv e s  r i s e  on passing  to  m ethanol. In  
c o n tra s t  fo r  Me^Sn th e  r a te  o f  th e  re a c tio n  decreases on p assing  to  
methanol and when R = C6Fs th e  ra te s  o f  the  re a c tio n  in  bo th  so lv en ts  a re  
approxim ately the  same. P a r t ic u la r ly  noteworthy in  th e  case o f
R = C6H5CH2 i s  th a t  the  r a te  o f  th e  re a c tio n  in  methanol i s  immeasurably
"\
f a s t  and only th e  C6H5CH2 group i s  s p l i t  o u t, whereas in  DMSO th e  group
R = Me i s  s p l i t  o u t, i . e .  the  re a c tio n  takes p lace  a t  th e  methyl group.
Reutov connects th is  behaviour w ith  changes in  the  mechanism o f  the
re a c tio n  on passing  from one so lv en t to  ano ther. Reutov a lso  suggests
th a t  th e  mechanism can a l t e r  along a s e r ie s  o f  compounds. For example,
in  the  case o f R = Me and C6F5 in  so lv en t m ethanol, the r a te s  a re  n e a rly
the  same, b u t th e  a c t iv a t io n  param eters a re  w idely d i f f e r e n t ;  th i s  was
thought to  be due to  th e  d i f f e r e n t  degree o f so lv a tio n  o f  th e  reag en ts
and o f  th e  t r a n s i t io n  s ta t e .  The values o f  th e  r a te  co n stan ts  a t
d i f f e r e n t  tem peratu res, and the a c t iv a t io n  param eters fo r  th e  re a c tio n
between te tra m e th y ltin  and m ercury(II) ch lo rid e  in  so lv en t m ethanol, had
33p rev io u sly  been determ ined by Abraham e t  a l  . However, th e re  i s  n o t good
agreement between the  values o f  th e  r a te  co n stan ts  in  th e  work o f  Abraham
80w ith  th e  work o f Reutov (in  th e  presence o f  0 .1  M NaCAOiJ ,and th e  
d iffe re n c e s  a re  q u ite  profound in  th e  values o f  the  a c t iv a t io n  param eters 
ob ta ined  by th ese  two w orkers.
R eactions involv ing  p ro ton  fo r  m etal exchange
Extensive s tu d ie s  have been c a r r ie d  ou t on p ro to d em e ta lla tio n s  and
o n
h a lo d em eta lla tio n s  o f ArMR3 compounds . The general conclusion  i s  th a t  
th e  re a c tio n s  o f  th ese  compounds w ith  halogens o r ac id s obey, more o r  le s s  
a c c u ra te ly , th e  laws governing c la s s ic a l  e le c tro p h i l ic  arom atic s u b s t i tu t io n s .
Hie cleavage o f  Ar~MR3 bonds (deme t a l l  a t  ions) by halogens o r hydrogen i s  
thought to  involve Wheland in te rm ed ia tes  o r a-com plexes, s im ila r  to  th e  
common arom atic s u b s t i tu t io n s .  I t  has been e s ta b lish e d  th a t  th e  r a te  
determ ining s tep  in  d em eta lla tio n s by hydrogen and halogens i s  th e  
form ation o f  th e  in te rm ed ia te  (V III) ,and the  MR3 group i s  lo s t  more 
re a d ily  than the e le c tro p h i l ic  group, equation  (18):
In  equation  (18 ), E i s  H (as in  cleavage by a c id s ) ,  C£, Br o r  I (as in
cleavage by halogens) . That th e  attachm ent o f  the  p ro ton  i s  r a t e -
determ ining in  the  p ro to d em eta lla tio n s  o f  ArMR3 compounds i s  dem onstrated 
by so lv en t iso tope  e f f e c t  s tu d ie s .  Hie cleavage o f  ArMR3 compounds, w ith  
M -- S i ,  Ge, Sn and Pb, by hydroch lo ric  ac id  in  aqueous dioxane, in  a l l
cases i s  s ig n if ic a n t ly  slow er when deuterium  oxide is  used in  p lace  o f
83 84protium  oxide . Also cleavage o f  XC6H4SiMe3 compounds by CF3C02D
becomes 4.7 -  6.1 tim es as slow as th a t  by CF3C02H, and in  th e  case  o f
XC6H4SnMe3, cleavage by CH3CO2D i s  6 .0  -  6 .5  tim es as slow as th a t  by
CH3C02H. These r e s u l ts  are  c o n s is te n t w ith  ra te -d e te rm in in g  p ro ton
t ra n s f e r .  v
85In  1960 Eabom and Pande showed th a t  th e  r e la t iv e  r a te  c o n s ta n ts , 
kr e i  in  p ro to d em e ta lla tio n  o f th e  ac id -c a ta ly se d  h y d ro ly s is  o f  ArMEt3 
compounds (M -  S i ,  Ge, Sn o r Pb) w ere, Si:Ge:Sn:Pb = 1 : 36 : 3 .5  x 10s 
2 x  108 (19) .
+ N —> + R3MN (18)
MR. 3 E MR3 E
(V III)
I-i20, EtOH, HC£0„
ArMEt3 >  ArH + R3M0Et (19)
Tliis sequence is. a lso  th a t  o f  decreasing  C-M bond s tre n g th . They have 
in te rp re te d  th is  o rd er o f  p ro to d em eta lla tio n  in  terms o f th e  e le c tro n -  
re le a s in g  a b i l i t i e s  o f  MEt3 groups, and s ta b i l i s a t io n  o f  th e  Wheland 
in term ed ia te  o f type (V III) w ith  hyperconjugative (cj- tt con jugative) 
e le c tro n  re le a se  from th e  C-M bonds.
Hie k in e t ic s  o f  th e  e le c tro p h i l ic  p ro to d em eta lla tio n  o f  s u b s t i tu te d
p h en y ltrim e th y ltin s  have been examined under d i f f e r e n t  s o lu t io n s .  For
86 87example, p ro to n o ly s is  in  methanol and a c e to ly s is  (Table 13) :
TABLE 13
Rate co n stan ts  fo r  p ro to d em eta lla tio n  o f  
XC6H„SnMe3 a t  25°C86’87
X
105k 
(25°C; AcCH)
102k 
(& mol 1s ” 1) ' 
HCA (CH30H)
p~Br 1.26 1.70
H 4.28 3.24
m-CH3 6.01 5.62
o-CH 3 17.6
P~CH3 22.1 18.6
p-OCH3 • 304 158
Both th e  r a te  o f  a c e to ly s is  by CH3C02H and p ro to n o ly s is  by HC& o f
4*s u b s t i tu te d  p h en y ltrim e th y ltin s  fo llow  a pa c o r re la t io n  w ith  p = -2 .2 4
fo r  a c e to ly s is  and p = -2 .17  fo r p ro to n o ly s is . Hie low s e n s i t iv i ty  in
both cases i s  s im ila r  to  th a t  found under o th e r re a c tio n  c o n d itio n s , fo r
example in  tlie case o f re a c tio n s  o f mercury (I I) a c e ta te  w ith  XC6HvSnEt3 in  
79so lv en t THF . N asie lsk i e t  a l ex p la in  th a t  th e  low s e n s i t iv i ty  fo r  th e
a c e to ly s is  and p ro to n o lv s is  cases i s  r e la te d  to  the  t r a n s i t io n  s ta t e  
ly in g  fu r th e r  from th e  cr~ complex and c lo se r  to  th e  i n i t i a l  s t a t e  than  in  
o th e r  e le c t ro p h i l ic  s u b s t i tu t io n s ,  and thus involv ing  le s s  e le c tro n  demand 
from the s u b s t i tu e n t .
Reactions invo lv ing  halogen fo r  m etal exchange
As in  the  case o f  p ro to d e m e ta lla tio n  only a few examples o f  re a c tio n s
involv ing  halogen fo r  m etal exchange w i l l  be d iscussed .
/
The iododestannation  o f  a s e r ie s  o f  o rgano tin  compounds, ArSnR3 , in
o o  o q
carbon te tra c h lo r id e  and methanol has been in v e s tig a te d  9 . The
sto ich io m etry  i s :
ArSnR3 + I 2 -----► A rl + ISnR3 (20)
In  so lv en t carbon te t ra c h lo r id e ,re a c t io n  (20) follow s th ird -o rd e r  k in e t ic s  
(second-order in  io d in e ) , whereas in  methanol the  o rder w ith  re sp e c t to  
io d in e  i s  reduced to  one. Rate co n stan ts  have been ob ta ined  fo r  iodo­
destan n atio n  o f  a range o f  compounds ArSnR3 (where R i s  u s u a lly  cyclo -
OO
hexyl o r methyl and Ar = XCeH^-) in  carbon te tra c h lo r id e  . No s a t i s f a c to r y
c o r re la t io n  e x is ts  between th e  log k values and th e  Yukawa -  Tsuno
equation . The discrepancy has been a t t r ib u te d  to  tt- complex fo rm ation
between io d in e  and the  arom atic tt cloud (sin ce  tt- complexes a re  found
between arom atics and iod ine  in  carbon te tra c h lo r id e )  , and which occurs
s ig n if ic a n t ly  in  th e  t r a n s i t io n  s ta te  o f th e  ra te -d e te im in in g  s te p .  The
sm all spread  o f ra te s  in  the re a c tio n  a lso  suggests th a t  th e  t r a n s i t io n
s ta t e  i s  no t f a r  d isp laced  from th e  tt- complex. Rate co n s tan ts  have a lso
been determ ined fo r  iododestannation  o f  a range o f compounds ArSnMe3
89(Ar = XCgH^-) in  methanol w ith  d i f f e r e n t  io n ic  s tre n g th . G enerally , 
r a te  co n stan ts  a re  increased  by an in c rease  in  the  io n ic  s tre n g th  o f  the
media. A s a t is f a c to ry  c o r re la t io n  e x is ts  between the  log k - values and& r e i
th e  Yukawa - Tsuno equation  a t  io n ic  s tre n g th  0 .1 ,  w ith  p = -2 .96  and 
r  = 0 .6 5 , and th is  dem onstrates th e  d iffe re n c e  between th i s  re a c tio n  and
o o
th a t  c a r r ie d  out in  carbon te tra c h lo r id e  . Furtherm ore, w ith  carbon 
te tra c h lo r id e  as so lv e n t, v a r ia t io n  in  the  R groups in  ArSnR3 compounds 
does n o t s ig n i f ic a n t ly  change th e  r a te  o f  the  iododestannation  re a c tio n , 
whereas in  methanol as so lv e n t, th e  r a te s  o f  cleavage o f  ArSnR3 compounds 
decrease on in c reas in g  the s iz e  o f the  group R.
90-92Reutov e t  a l  have s tu d ie d  the  iododestannation  re a c tio n  o f  a 
s e r ie s  o f  o rgano tin  compounds, RSnMe3 (R = a lk y l o r  a iy i)  in  so lv en ts  
m ethanol, DMSO and CC&i*. The re a c tio n  o f  RSnMe3 w ith  io d in e  in  methanol 
and DMSO so lv en ts  follow s second-order k in e t ic s .  The iododestanna tion  
in  methanol ( in  the  presence o f  k l) , l ik e  the  re a c tio n  w ith  HgC&2 in  th is  
so lv e n t, i s  n o t com plicated by processes w ith  the  p a r t ic ip a t io n  o f  1 3 o r 
by th e  sim ultaneous p a r t ic ip a t io n  o f  I 2 and I . The r e s u l t s  ob ta ined  fo r  
some o f th e  re a c tio n s  s tu d ie d  are  given in  Table 14.
TABLE 14
O verall r a te  co n stan ts  fo r  re a c tio n  o f  RSnMe3 compounds w ith  1 2
in  so lv en ts  MeOH90, DMSO9 1  and CCt. , 9 2
RSnMe3
MeCH ’ DMSO CCHi,
k | 5 (X.mol *s *) k§5(£ mol ’s *) k |° (S.2mol_ 1 s -1 )
MeSnMe3 7.68 5 2 .S very  slow
PhSnMe 3 425.00 416.0 232.0
C6 F5 SnMe3 8 .0  46.7 15.0
CH2 = CHSnMe 3 214.00 1 .7  x 107 31.2
In  a l l  reac tio n s  in  Table 14, the R-Sn bond i s  s p l i t .  The 
iododestannation  in  carbon te tra c h lo r id e  has o v e ra ll th ird -o rd e r  k in e t ic s  
(second-order in  io d in e ) . T herefo re , th e  re a c tio n  mechanism changes 
s u b s ta n t ia l ly  on going from p o la r  so lv en ts  (MeGH and DMSO) to  th e  le s s  
p o la r  so lv en t carbon te tra c h lo r id e  regard ing  the  o rd er o f  re a c t io n . I t  
has a lso  been shown th a t  th e  r a te  co n stan t fo r  iododestanna tion  o f 
PhSnMe3 and CH2 = CHSnMe3 depends l i t t l e  on tem perature, and the  
a c t iv a t io n  enthalpy  i s  extrem ely low, 2 .2  and 2.7 Kcal mol 1 re sp e c tiv e ly . 
I t  was proposed th a t  in  th e  case o f th e  th ird -o rd e r  re a c tio n  the complex 
RSnMe3 -  I 2 i s  formed w ith  p a r t ic ip a t io n  o f the  tt- complex o f th e  group R; 
th is  complex then re a c ts  w ith  a second m olecule o f  io d in e  in  the  r a te  
c o n tro ll in g  s ta g e . The very  low r a te  o f  re a c tio n  in  the  case o f Me^Sn 
was a t t r ib u te d  to  the  lack  o f  th e  complex form ation in  th is  system . Hie 
p rocess o f complex form ation was a lso  suggested to  account fo r  th e  low 
values o f th e  a c tiv a tio n  en th a lp ie s  fo r  the cases a lread y  m entioned.
K inetics  o f the  RSnMe3 s e r ie s  (R = Me, Ph, CH2 = CH, PhCH2 ,
OrI2 = CHCH2 , C6F5) w ith  bromine in  DMSO have a lso  been s tu d ie d  . I t  has
been found th a t  th e  r a te  o f  the  re a c tio n s  w ith  I 2 and Br2 in  DMSO are
p r a c t ic a l ly  id e n tic a l  fo r  a l l  the  in v e s tig a te d  RSnMe3 compounds. The
ru p tu re  o f  the  R-Sn bond, and the  o rder o f  v a r ia t io n  in  th e  r e a c t iv i ty  o f
RSnMe3 w ith  bromine, agrees com pletely w ith  the  o rder ob ta in ed  in  th e
91iododestannation  re a c tio n  in  DMSO . However, th e  r e s u l t  d i f f e r s  from 
th e  d a ta  fo r  the iodo- and brom odestannation o f ArSnMe3 in  m ethanol, where 
brom odestannation occurs a t  a r a te  approxim ately two o rders  o f  magnitude 
g re a te r  than  iododestannation . F in a lly , as in  the  case o f  ac id -c leav ag e  
re a c tio n s , the same p a t te rn  o f r e a c t iv i ty  i s  observed in  halogeno- 
d em eta lla tio n  o f ArMR3 compounds, w ith  M = S i ,  Sn and Pb.
SECTION 4
MEDIUM EFFECTS ON SUBSTITUTION REACTIONS
Solvent e f fe c ts  on s u b s t i tu t io n  re a c tio n s  (mainly S^2)
One o f th e  most obvious m an ife s ta tio n s  o f medium e f fe c ts  i s  th a t  on 
r a t e .  Some re a c tio n s  are  found to  be very  s e n s i t iv e  to  the  n a tu re  o f  th e  
so lv en t w h ils t  o th e rs  a re  le s s  a f fe c te d . The response o f a re a c t io n  to  
changes in  the  so lv en t can o fte n  throw l ig h t  on i t s  mechanism s in c e  a l l  
such e f fe c ts  a r is e  from in te ra c t io n s ,  o r  lack  o f  them, between so lv en t 
molecules and the  reagen ts  and t r a n s i t io n  s t a t e .  When a s o lu te  i s  
d isso lv ed  in  a so lv en t having p o la r  m olecules, i t  w i l l  be under th e  
in flu en ce  o f  considerab le  a t t r a c t iv e  fo rc e s , p a r t ic u la r ly  by those  n e a re s t  
to  th e  s o lu te  m olecule o r io n . These fo rces  a re  o f  se v e ra l k in d s , 
e s s e n t ia l ly  e l e c t r o s ta t i c  in  n a tu re . S o lva tion  o f a so lu te  w i l l  be 
accompanied by a red u c tio n  in  the  f re e  energy o f  th e  system . S ince th e  
k in e t ic  e f f e c ts  o f  so lv e n t changes w i l l  depend upon th e  changes o f  the  
f re e  energy o f th e  t r a n s i t io n  s ta te  r e la t iv e  to  th e  i n i t i a l  s t a t e ,  i t  
follow s th a t  in  a re a c tio n  the  degree o f  so lv a tio n  o f the  r e a c ta n ts  and 
the t r a n s i t io n  s ta te  has a very  pronounced in flu en ce  on th e  r a t e  o f  r e a c t io n  
I f  th e  re a c ta n ts  a re  n o t app rec iab ly  so lv a ted  b u t th e  t r a n s i t io n  s ta t e  i s ,  
th is  w i l l  r e s u l t  in  a decrease in  the  a c t iv a tio n  f re e  energy , and th e  
re a c tio n  w il l  be a cc e le ra te d . On the  o th e r  hand, i f  th e  re a c ta n ts  a re  
so lv a ted  more than th e  t r a n s i t io n  s t a t e ,  th e  f re e  energy o f  a c t iv a t io n  
w i l l  be increased  and the  re a c tio n  i s  re ta rd e d .
A q u a l i ta t iv e  theory  based upon a p re d ic tio n  o f th e  s o lv a tio n  energy 
o f  th e  i n i t i a l  and t r a n s i t io n  s ta te s  fo r  h e te ro ly t ic  re a c tio n s  o f  v a rio u s  
charge-types was proposed by Hughes and Ingold^f According to  th is  th e o ry , 
a re a c tio n  in  which form ation o f  th e  t r a n s i t io n  s ta te  invo lves an in c re a se  
in  th e  n e t charge should be f a s t e r  on going from le s s  p o la r  so lv en ts  to  
more p o la r  ones. Hie opposite  s i tu a t io n  should ho ld  fo r  a r e a c t io n  in  
which n e t charge on th e  t r a n s i t io n  s ta t e  i s  lower than in  th e  i n i t i a l  s t a t e .  
The general conclusions o f th e  theory  are  summarised in  Table 1:
TABLE 1
E ffe c t o f  in c reas in g  p o la r i ty  o f  so lv en t upon re a c tio n  r a te
A. T ra n s itio n  s ta te  more p o la r  than 
i n i t i a l  s ta te  (charge sep ara tio n )
Strong
a c c e le ra tio n
B. T ra n s itio n  s ta te  le s s  p o la r  than 
i n i t i a l  s ta t e  (charge n e u tra liz a tio n )
Strong
re ta rd a t io n
C. D ispersion  o f charge in  t r a n s i t io n  
s ta t e
Weak
re ta rd a t io n
D. No change o f  charge d is t r ib u t io n  
between i n i t i a l  and t r a n s i t io n  s ta te s
L i t t l e
e f f e c t
Menschutkin re a c tio n s  provide examples fo r  re a c tio n s  in  which th e
9 5
t r a n s i t io n  s ta te s  are  more p o la r  than th e  i n i t i a l  s ta te s  (Category A ).
The theory  p re d ic ts  th a t  th e  r a te  should be f a s t e r  in  more p o la r  s o lv e n ts .
In  the D iels-A lder re a c tio n  between cyclopentadine and benzoquinone in
which the p o la r i ty  o f  th e  t r a n s i t io n  s ta t e  i s  more o r le s s  the  same as 
96
th e  i n i t i a l  s ta t e  (Category D), th e  observa tion  o f l i t t l e  so lv e n t e f f e c t  
on th e  r a te  o f  re a c tio n  agrees w ell w ith  th e  th eo ry . In  g e n e ra l, th i s  
theory  works w ell fo r  many re a c tio n s  ( fo r  example re a c tio n s  o f  a lk y l 
h a l id e s ) , and i t  exp la in s in  a sim ple fash io n  the  change in  th e  r a te  on 
changing th e  p o la r i ty  o f  th e  so lv e n t, b u t i t  ignores s p e c i f ic  in te ra c t io n s  
such as hydrogen bonding, and i t  a lso  n eg lec ts  entropy e f f e c t s .
Owing to  th e  com plexity o f th e  in te ra c tio n s  between th e  so lv e n t and 
th e  s o lu te s ,  i t  has proved d i f f i c u l t  to  co n s tru c t accu ra te  q u a n t i ta t iv e  
th e o r ie s  o f so lv e n t e f fe c ts  on th e  r a t e .  N ev erth e less , many au tho rs  have 
attem pted e i th e r  em p irica lly  o r on the  b a s is  o f  d e f in i te  th e o r ie s  to  
c o r re la te  r a te  constan ts  o r f re e  energ ies  o f a c tiv a tio n  w ith  a charac­
t e r i s t i c  param eter o f  the so lv en t. A c o r re la t io n  between r a te  and so lv e n t
97may be found in  the  s tu d ie s  o f Grunwald and W instein . In  t h e i r  two- 
param eter equation  (1 ) , one param eter m, i s  c h a r a c te r is t ic  o f  th e  s u b s tr a te .
and i t s  value i s  considered  to  be a measure o f th e  s e n s i t iv i ty  o£ th e  
re a c tio n  to  so lv en t changes.
log k /k Q = mY (1)
The o th e r  param eter, Y, i s  c h a r a c te r is t ic  o f  the  so lv en t and should be 
independent o f  the  re a c tio n  considered . The f i r s t - o r d e r  r a te  c o n s ta n t, 
kQ, fo r  th e  so lv o ly s is  o f  te r t - b u ty l  c h lo rid e  in  80% aqueous e th an o l a t  
25°C i s  chosen as re fe re n c e ; fo r  th is  re a c tio n  m = 1.00 and Y = 0 .0 0 .
The r a te s  o f  a  number o f  S^l so lvo lyses fo r  a range o f so lv en ts  vary ing  
in  d ie l e c t r i c  constan t between w ater and a c e t ic  ac id  was su c c e ss fu lly  
c o r re la te d  by th is  equation ; th e  agreement fo r  S^2 so lvo lyses was le s s  
general as might be expected.
A pp lica tion  o f equation  (1) to  th e  re a c tio n  between t e t r a e th y l t i n
37and mercury (II)  ch lo rid e  (2) (R = E t and X = C&) by Abraham e t  a l  y ie ld e d  
a s lo p e , m, o f  0 .715.
Ri+Sn + HgX2 RHgX + R3SnX (2)
98
They compared th is  value w ith  values (0 .7  to  1.2) fo r  th e  s o lv o ly s is  o f
98
a lk y l h a lid e s  by an S^l process and w ith  values (0.25 to  0.35) fo r  th e  
so lv o ly s is  o f a lk y l h a lid e s  by an S^2 p ro cess . In  view o f th e  f ig u re s  
given fo r  charge se p a ra tio n , they concluded th a t  values o f m in d ic a te  
th a t  charge sep a ra tio n  in  the  t r a n s i t io n  s ta te  fo r  re a c tio n  (2) (R = E t 
and X = C£) must be co n sid e rab le . The values o f Y fo r  some so lv e n ts  a re  
given in  Table 2.
100A s im ila r  equation (3) was proposed by G ielen and N asie lslc i :
log k /kQ = P.X (3)
By th is  equation  they t r i e d  to  c o r re la te  q u a n ti ta t iv e ly  th e  e f f e c t  o f  
so lv en ts  on the  r a te  o f a l ip h a t ic  e le c tro p h i l ic  s u b s t i tu t io n  r e a c t io n s .
97 99Em pirical param eter Y o f th e  p o la r i ty  o f so lv en ts  9
S olvent D ie le c tr ic  co n stan t 
25°C
Y
25°C
H20 78.5 3.493
HCOQH 57.9 2.054
HCONHz 109.5 0.604
CH30H 32.6 -1 .090
C2 H5 OH/H2 O (80:20) - 0 .000
CH3 CH2 OH 24.3 -2 .303
CH3 COQH 6.19 -1.639
In  equation  (3 ) , k i s  the  r a te  co n stan t o f  an a l ip h a t ic  e le c t r o p h i l ic
s u b s t i tu t io n  re a c t io n  on an organom etallic  compound in  a g iven so lv e n t.
kQ i s  the  r a te  co n stan t fo r  the  e le c t ro p h i l ic  s u b s t i tu t io n  in  so lv en t
a c e t ic  a c id , and P i s  a constan t depending on the  p a r t ic u la r  r e a c tio n
(P has been s e t  equal to  1.00 fo r  th e  brom odem etallation o f Me^Sn), X i s
100defined  as th e  p o la r i ty  o f  th e  so lv en t. G ielen and N as ie lsk i 
c a lc u la te d  a number o f  X values fo r  a v a r ie ty  o f so lv e n ts . These v a lu es 
were shown to  be l in e a r ly  r e la te d  to  th e  r a t io  o f th e  r a te  fo r  th e  m ethyl 
s u b s ti tu e n t to  th e  r a te  fo r  'th e  e th y l s u b s t i tu e n t ,  fo r  bromo- and iodo- 
d em eta lla tio n  o f t e t r a a lk y l t i n s , and fo r  th e  iododem etalla tion  o f  t e t r a -  
a lk y lle a d s . The tre n d  between values o f X in  so lv en ts  ob ta ined  was 
s im ila r  to  th e  tre n d  o f va lues o f th e  d ie l e c t r i c  co nstan ts  o f th e  so lv en ts  
(see Table 3 , p . 8 0 ), except fo r  th e  a c e t o n i t r i l e . However, th e re  was no 
q u a n ti ta t iv e  c o r re la t io n , and they considered  th a t  the  va lues o f  X m ight 
be dependent on th e  n u c le o p h ilic  power o f  th e  so lv en t as w e ll as th e  
d ie le c t r ic  co n sta n t. They th e re fo re  determ ined the  coupling co n s tan ts
J ( 117Sn-H) and J ( 119Sn-H) in  tr im e th y lt in  h a lid e s  in  various s o lv e n ts .
Table 3 con ta ins d a ta  on so lv en t d ie le c t r ic  co n s ta n ts , e , J ( 117Sn-H)
co n stan ts  fo r  t r im e th y lt in  bromide, values o f X and the Gutmann donor
101number fo r  d i f f e r e n t  so lv en ts  , DN.
TABLE 3
S olvent param eters a t  25°C and J ( 117Sn-H) fo r  
t r im e th y lt in  bromide
Solvent X J ( 117Sn-H) e a t  25°C DN
DMSO 1.60 66.9 46.7 29.8
MeOH 0.91 64.5 32.6 19.0
iMeCOMe - 62.0 20.5 17.0
MeCN 0.64 61.2 36.0 14.1
Eton 24.3
Praa i 20.5
MeCOaH 0 58.8 6 .2
PhC£ -1 .9 55.0 5.6
CgHs 2.3 0 .1
CC&if -4 .8 55.0 2.2
I t  i s  ev iden t th a t  J ( 117Sn-H) values are  so lv en t dependent, and 
appear to  r e f l e c t  th e  n u c leo p h ilic  power o f  th e  so lv en t towards th e  t i n  
atom carry ing  a p a r t i a l  p o s it iv e  charge. Indeed, the  e x is ten c e  o f  a 
c o r re la tio n  between X values w ith  the  coupling co n stan ts  as w ell as w ith  
donor numbers DM (donor number, DN, has been suggested as a measure o f  
the  donor o r b a s ic  p ro p erty  o f  a s o lv e n t) , seems to  confirm  th e  X valu es  
as a measure o f  so lv en t n u c leo p h ilic  power.
A theory  fo r  the  in fluence  o f  the d ie le c t r ic  co n stan t o f  th e  medium
10?on the f re e  energy o f a p o la r  molecule has been given by Kirkwood “ By 
c o n s id e r in g .e le c tro s ta t ic  fo rces only (n eg lec tin g  van der W aals’ f o rc e s ) ,
the  d iffe re n c e  in  f re e  energy o f a d ip o la r  so lu te  m olecule in  a medium 
w ith  d ie le c t r ic  co n s tan t e and in  a medium w ith  a d ie le c t r ic  co n stan t o f  
u n ity  i s  given by:
V -  1)
AG = -  —  ------------   (4)
r  (2e + 1 )
where y i s  th e  d ip o le  moment and r  the rad iu s  o f  the  m olecule. Applying 
th is  to  the  t r a n s i t io n  s ta t e  theory  fo r  the follow ing re a c tio n  (5 ):
A + B •* [Tr]^ -> products (5)
where A, B and Tr ( i . e .  t r a n s i t io n  s ta te )  a re  p o la r  sp e c ie s , and 
remembering th a t :
k = (RT/Nh) k^ = (RT/Nh)e'AG^ RT (6)
we o b ta in :
N (e -  1)
Ink = Lnk - o RT (2e + 1)
2 2 2 
^ A + ^ B
•y.3 „ 3  3
r  A r  B r  f
(7)
where k i s  th e  r a te  constan t in  th e  medium o f  d ie le c t r ic  c o n s tan t e , and
kQ i s  th e  r a t e  co n stan t in  th e  medium o f  d ie le c t r ic  co n stan t u n ity . The
above equation  p re d ic ts  th a t ,  i f  the  t r a n s i t io n  s ta t e  i s  more p o la r  th an
the  r e a c ta n ts ,  th e  r a te  o f th e  re a c tio n  in c reases  w ith  in c re a s in g  th e
d ie le c t r ic  co n stan t o f  the  medium. For many such re a c tio n s  in
m ixtures o f  two so lv en ts  o f such com position th a t  the  d ie le c t r i c  co n s tan t
can be v a r ie d , a s t r a ig h t  l in e  fo r  a p lo t  o f  log k versus (e -  l ) / ( 2 e  + 1)
103can be ob ta ined . Abraham and D o rre ll analysed the  e f f e c t  o f  t - b u ty l  
alcohol-m ethanol so lv en t m ixtures on values o f AG^  fo r  re a c t io n  (2)
(R = E t and X = C£) in  terms o f  th e  Kirkwood equation . They p lo t te d
oACTr (on th e  fundamental mole f ra c t io n  sca le ) ag a in s t the  Kirkwood 
fu n c tio n  (e -  l ) / ( 2 e  + 1) and ob tained  a value fo r  y(Tr) o f  13.8 Debyes. 
For a s in g le  sp e c ie s , th e  Kirkwood equation  can be s ta te d  as in  equation
(8):
AG^  = -1 .44  x 10“
y! I e - 1
r 3 2e + 1
(8)
Using equation  (8 ) , Abraham and D o rre ll p lo t te d  AG^(Tr) (see  p . 85 fo r
d e f in i t io n  o f  th is  term) ag a in s t (e -  l ) / ( 2 c  + 1) and ob ta ined  a value o f
14.5 Debyes fo r  y (T r ) , very  c lo se  to  the  value deduced from 6AGX^ =. A fte r
c o rre c tio n  fo r  th e  e f f e c t  o f  HgC&2 group in  th e  t r a n s i t io n  s ta t e  ( I ) , they
c a lc u la te d  th e  charge sep a ra tio n  in  the  t r a n s i t io n  s ta t e  (I)  to  be
380.86 -  0.91 u n i t ,  very  c lo se  to  th e  value  (average 0.88 u n it)  which has , 
been ca lc u la te d  from s a l t  e f fe c ts  on re a c tio n  (2) (R = E t and X = Cl) in  
the same so lv en t range o f t -b u ty l  alcohol-m ethanol so lv e n ts .
6+
SriEt3
E t "  j  ( I )
nn <s-
HgC&2
Equation (7) i s  n o t always obeyed, however, and i s  n o t v a l id  in
general i f  re a c tio n  ra te s  in  d if f e r e n t  so lv en ts  o f  various d ie l e c t r i c
co n stan ts  are  compared. For example, the  c o r re la tio n s  a re  n o t very  good
104
fo r  the  Menschutkin re a c tio n  between p y rid in e  and benzyl brom ide, and 
between trie th y lam in e  and benzyl bromide, in  benzene-alcohol so lv en ts
105
W instein and Fainberg studying  th e  so lv o ly s is  o f  t -b u ty l  c h lo rid e  
in  sev e ra l so lv en ts  (mainly aqueous o rgan ic  m ix tu re ) , p o in ted  ou t th a t  the  
only requirem ent fo r  a r a te  in crease  i s  a red u c tio n  in  the  f re e  energy o f  
re a c tio n , which could be brought about by an in c rease  in  th e  f re e  energy
energy o f the  i n i t i a l  s t a t e ,  a decrease in  the  f re e  energy o f  the
t r a n s i t io n  s ta t e  o r  any such com bination. They found the  r a te
a c c e le ra tio n  fo r  the so lv o ly s is  o f t -b u ty l  ch lo rid e  in  so lv en ts  aqueous
methanol and aqueous ethanol by the  ad d itio n  o f w ater to  th e  system  was
due to  an in crease  in  the  f re e  energy o f th e  i n i t i a l  s t a t e .  Thus, in
o rder to  o b ta in  more in form ation  about the n a tu re  o f  th e  t r a n s i t io n  s t a t e ,
i t  i s  necessary  to  d is s e c t  so lv en t e f fe c ts  on th e  a c tiv a t io n  param eters
106in to  i n i t i a l  s ta te  and t r a n s i t io n  s ta te  c o n tr ib u tio n s . Abraham e t  a l  
have derived  the req u ired  equations as fo llow s. The en thalpy  o f  a c t iv a t io n  
o f  a re a c tio n  has been considered  to  be the  d iffe re n c e  in  th e  s tan d ard  
e n th a lp ie s  o f  form ation o f  th e  t r a n s i t io n  s t a t e ,  (T r) , and th e  r e a c ta n ts .  
Thus fo r  a re a c tio n  in  so lv en t 1, th e  enthalpy  o f  a c t iv a t io n  may be 
expressed as in  equation  (9 ):
An analogous equation  may be w r itte n  fo r  the  same re a c tio n  in  so lv e n t 2, 
equation  (10):
and by su b tra c tio n  and rearrangem ent o f  equations (9) and (1 0 ), equation  
(11) fo llow s:
(Tr) -  AH^  (Tr) = (Reactants)
AH^pTr) -  EAH^  (R eactants) (9)
Ah|  = (Tr) -  ZAH^  (Reactants) (10)
(11)
-  EAHr (R eactants) + AhJ  -  Alif
For the  standard  en thalpy  o f  t r a n s fe r  from so lv en t 1 to  so lv e n t 2, o f  a 
spec ies  X, AH°(X), we can w r ite ,  equation  (12):
AH°(X) = £H°2 (X) -  AK°2(X) (12)
and in s e r t io n  o f  equation  (.12) in to  equation  (11) * y ie ld s  equation  (13) :
AH°(Tr) = AH°(Reactants) + SAH  ^ (13)
where A
6AH+ = Ah£ -  AHf (14)
Equation (13) takes th e  fo llow ing form (15) when ap p lied  to  th e  b im olecu lar 
re a c tio n  (2) ,  (R = E t, X = C&) :
AH°(Tr) = AH°(Et„Sn) + AH°(HgCJ>2) + AH+ -  AH+ (15)
where AH°(X) i s  th e  s tandard  enthalpy  o f  t r a n s f e r  o f  sp ec ies  X from 
so lv en t 1 to  so lv en t 2. Abraham e t  a l  ob tained  the  values o f  AH^Et^Sn) 
and AH°(HgC&2) in  m ethanol-w ater m ixtures c a lo r im e tr ic a l ly , and combined
i  o
them w ith  th e  corresponding values o f  6AH' to  o b ta in  the  v a lu es  o f AH^Tr) 
fo r  re a c tio n  (2) (R = E t and X = C&) . The d a ta  a re  given in  Table 4 
in  which so lv en t 1 i s  methanol:
TABLE 4
E nthalp ies o f  t r a n s f e r  (on the  m olar sca le )  from methanol i'.to
aqueous methanol o f  Et^Sn, HgC£2 nnd
[Et4Sn/HgC£2]^ (ca l mol""1) a t  298 K106
Mole f ra c t io n  i
MoDH AHI
AH°
in  so lv en t Et^Sn HgCil2 Tr KBra
0.999 14.350 0 0 0 0
0.956 13,950 190 410 200 300
0.914 13,150 350 850 0 650
0.874 12,700 630 1170 150 900
0.800 12,350 1010 1770 780 1350
0.716 12,450 1410 2430 1940 1850
0.640 12,300 1770 2810 2530 2300
0.510 12,250 2200 3440 3540 2950
a -  From Ref. 107
I t  can be seen from the da ta  in  Table 4 th a t  the  red u c tio n  in  AH^  i s  
due to  the  very  la rg e  i n i t i a l  s ta te  so lv en t e f f e c t  and i s  no t due to  
s ta b i l i z a t io n  o f  th e  t r a n s i t io n  s t a t e .  According to  these  d a ta  the  
t r a n s i t io n  s ta t e  i s  i t s e l f  considerab ly  d e s ta b il iz e d  in  the  more p o la r  
aqueous so lv en t m ix tu res . However, Abraham e t  a l  d id  no t make use o f  
th e  determ ined values o f  AH°(Tr) to  o b ta in  more in form ation  about th e  
n a tu re  o f  th e  t r a n s i t io n  s t a t e ,  s in ce  they reasoned th a t  non-po lar non­
e le c tro ly te s  (e .g . EttjSn) and 1:1 e le c tro ly te s  ( e .g .  KBr) a lso  g ive r i s e  
to  la rg e  p o s itiv e  values o f  AH° on t r a n s f e r  from methanol to  aqueous 
m ethanol.
A se p a ra tio n  o f  so lv en t in flu en ce  on AG^  fo r  re a c tio n  (2) may be 
accomplished through equation  (16) :
AG°(Tr) = AG°(R„Sn) + AG°(HgCS,2) + AG? -  Ag|  (16)
where AG°(X) denotes th e  s tandard  f re e  energy o f t r a n s f e r  from th e
refe ren ce  so lv en t 1 to  so lv en t 2 o f spec ies  X, and where Tr re p re se n ts  the
t r a n s i t io n  s ta te  in  re a c tio n  (2) . D eriva tion  o f  equation  (16) i s  analogous
to  th a t  o f the  corresponding equation  in  terms o f the  en thalpy  fu n c tio n
(see p . 83 ) . Such a d is s e c tio n  has been c a r r ie d  ou t through equation  (16) 
108by Abraham ; In  o rd er to  analyse th e  e f f e c t  o f  m ethanol-w ater so lv e n ts  on 
values o f AG^  fo r  re a c tio n  (2) ,  he determ ined values o f AG^R^Sn) through 
th e  H enry 's law constan ts  ( a t  zero concen tra tion) o f  th e  so lu te  in  so lv en ts  
concerned from equation  (17):
AG° = RT Ln(H?/H?) (17)
where H? and II? a re  the  H enry's law co n stan ts  o f  a given s o lu te  in  so lv en ts
2 and 1 re sp e c tiv e ly . He then  combined values o f  AG°(RitSn) w ith  th e  values
4 4 oo f 5AGr (AGT determ ined through r a te  measurements) and AG^fHgCIU)
SAG  ^ = Acf -  AG{ (18)
(determ ined through s o lu b i l i ty  measurem ents), and ob tained  th e  c o rre s ­
ponding values o f AG°(Tr) . Solvent methanol was taken  as th e  re fe ren ce  
so lv en t (so lv en t 1) and the co n cen tra tio n  s c a le  used was th a t  o f  the  
molar s c a le . The r e s u l ts  fo r  re a c tio n  (2) (R = E t and X = C&) a re  g iven 
in  Table 5 .
TABLE 5
Free energ ies o f  t r a n s f e r  (on the  m olar sca le ) from 
methanol to  aqueous methanol o f  Et^Sn, HgC&2 arid 
[EtnSn/HgC&g]^ (ca l mol-1) a t  298 K108
Mole f ra c t io n  
MeOH 
in  so lv en t
6AG^
AG°
EtijSn HgC£2 Tr
0.999 0 0 0 0
0.956 -  184 150 34 0
0.914 -  377 310 73 6
0.874 -  546 .4 7 5 110 39 .
0.800 -  845 810 187 152
0.716 -1179 1220 294 335
0.640 -1465 1650 412 598
0.510 -1973 2450 619 1096
0.400 -2415a 3345 859 1789
0.300 -2830a 4250 1108 2528
0.200 -3100a 5400 1356 3656
0.100 -3700a 6600 1529 4429
0 -4150a 7800 1623 5273
a - E x trapo la ted  v a lu e s , through a p lo t  o f SAGT a g a in s t log  k f o r  th e  
so lv o ly s is  o f  t -b u ty l  ch lo rid e  in  m ethanol-w ater m ix tu res .
4
I t  i s  apparen t from Table 5 th a t  th e  t r a n s i t io n  s ta te  [E tHSn/HgC£?J  1 
is  d e s ta b il is e d  on ad d itio n  o f  w ater to  methanol so lv en t. Hie same 
phenomenon was observed fo r  the o th e r  th re e  t r a n s i t io n  s ta te s  in  re a c tio n
(2) (R = E t, Pr11, Bu11 and X = C£) (w ith th e  exception o f  [MeifSn/HgC&2.]^ 
in  th e  h ig h ly  m ethanolic region) . The la rg e  in creases  in  r a te  brought 
about by in tro d u c tio n  o f  w ater a re  thus e n t i r e ly  due to  d e s ta b i l i s a t io n  o f  
th e  re a c ta n ts .  The ex ten t o f  d e s ta b i l i s a t io n  o f  the  t r a n s i t io n  s ta te s  in  
re a c tio n  (2) (R = Me, E t, Pr11, Bu11 and X = C£) on t r a n s f e r  from methanol 
to  any given m ethanol-w ater so lv en t in creased  in  the  sense R = Me < E t < 
Pr11 < Bu11, i . e .  in  th e  o rd er o f  in c reas in g  s iz e  o f the  t r a n s i t io n  s t a t e .  
Because th e  magnitude o f  th e  AG°(Tr) values depend very much on th e  s iz e  
o f  the t r a n s i t io n  s t a t e ,  Abrahaiti^compared th ese  values o f AG°(Tr) w ith  
the  values fo r  n o n -e le c tro ly te s  and io n -p a irs  o f  roughly th e  same s iz e  as
the  t r a n s i t io n  s t a t e ,  Table 6 , and concluded th a t  th e  p o la r i ty  o f
4  4
the  [Ri*Sn/HgC&2 ] t r a n s i t io n  s ta t e  i s  h ig h er than th a t  o f  th e  [Me3N/MeI]T
t  4t r a n s i t io n  s t a t e ,  b u t le s s  than  th a t  o f  th e  [Bu C£]T t r a n s i t io n  s t a t e ,  and 
th a t  t r a n s i t io n  s ta t e  ( I I )  i s  a reasonable model fo r  re a c tio n  (2)
(R = a lk y l and X = « ,)
6+
, SnR3✓
R j .  C D
\  6 -
HgC£2
38 -II t  has been shown th a t  values o f  AG' fo r  re a c tio n  (2) (R = E t and X = C£,
I ,  OAc) are  in creased  considerab ly  as th e  re a c tio n  medium is  changed from
103methanol to  t -b u ty l  alcohol-m ethanol m ix tu res. Abraham and D o rre ll 
d isse c te d  th is  e f f e c t  in to  i n i t i a l  s ta te  ans t r a n s i t io n  s ta te  
c o n tr ib u tio n s , u sing  equation  (16) and tak in g  so lv en t methanol as re fe re n c e  
They showed th a t  the  in c rease  in  AG^  on change o f so lv en t from methanol to
TABLE 6
Comparison o f  f re e  energy o f  t r a n s f e r  (on th e  molar sca le )  
from methanol to  w ater o f  t r a n s i t io n  s ta te s  and so lu te s
X I 1  i V  U d l  1 U V J X a t  298 K
Bi^CU 4 .0  Et„Sn+HgCP, 2 9 .3  Pr^n+HgC£2 11.6
[BiB cjiB  -2 .2  [EUSn/HgCazlT 5.3 [Pr^Sn/HgCJ^]^ 7.8
Me^NCil -3 .5  EtitNCWX 0 .1  Pr^NC^Oi* 2.4
MeitSn+HgC&2 6.7 M53N+MbI 2.5
[Me^Sn/HgCJla]^ 3.5 [Me3N/MeI]^ 1.7
Me«*NC£0if -1 .3 Me^NI -1 .8
t-b u ty l  alcohol-m ethanol m ixtures observed fo r  re a c tio n  (2) (R = E t and 
X = C£, I ,  OAc) a re  due la rg e ly  to  in c reases  in  th e  f re e  energy o f  the  
t r a n s i t io n  s ta te s  ( th is  type o f  behaviour i s  s im ila r  to  th a t  found in  
S^jl re ac tio n s  o f  t -b u ty l  h a lid e s  in  various pure alcohol so lv en t) . 
According to  th e i r  r e s u l t s '* ^ ,  bo th  AG°(HgX2) and AG^Et^Sn) (on th e  mole 
f ra c t io n  sca le )  vary  considerab ly  w ith  so lv e n t com position, b u t in  
d i f f e r e n t  d ire c tio n s  so th a t  the  n e t so lv en t e f f e c t  on the  re a c ta n ts  i s  
very  sm all. From a general tren d  o f AGt (Tr) values ob ta ined  f o r  th e  above 
re a c tio n , they  concluded th a t  th e  n a tu re  o f  th e  [Et^Sn/HgC^]^* 
[E t^Sn/H g^]^ and [EtitSn/Hg(OAc) 2]^ t r a n s i t io n  s ta te s  a re  very  c lo se , and 
t r a n s i t io n  s ta t e  ( I I )  was suggested to  be a good model in  th e  v ario u s  
so lv en ts  s tu d ie d .
109Abraham and G re ll ie r  have rep o rted  f re e  energ ies o f t r a n s f e r  from 
methanol to  o th e r a lcohols (EtOH, Prn0H, Pr^OH, Bun0H and Bu^OH) fo r  
20 d i f f e r e n t  s u b s t i tu t io n  re a c tio n s  involv ing  e l e c t r i c a l ly  n e u tra l
r e a c ta n ts .  They have shown th a t  l in e a r  f re e  e n e r g y  re la tio n s h ip s  .between 
AG^  values fo r  s u b s t i tu t io n  re a c tio n s  in  a lcoho ls are  in  genera l 
approximate on ly , and a lso  th a t  the  v arious values of AG°(Tr) a re  by no 
means l in e a r ly  r e la te d .  From a comparison o f values o f  AG°(Tr) w ith  each 
o th e r and w ith  a number of sim ple s o lu te s ,  i t  was found th a t  th e  o rder o f  
in c reas in g  p o la r  ch a rac te r  o f  th e  t r a n s i t io n  s ta te  was:
[R„Pb/I2]+ < [R3N/RI]T S [R»Sn/I2]T
< [R*Sn/HgX2] t  < [But X ] t  « [PhCHMeX]^: (19)
i  [PhOiX] t 
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Abraham and G re ll ie r  in  ano ther re p o rt have compared the  e f f e c t  o f
a lco h o lic  so lv en ts  on AGT values o f a number o f  and S£ r e a c t io n s , and
have shown th a t  no sim ple so lv en t param eter can adequately  c o r re la te  such
so lv en t e f fe c ts  on th e  various re a c tio n s . They have found th a t  in
general th e  re ta rd in g  e f fe c t  o f  th e  le s s  p o la r  a lcoho ls on th e  organo-
m e ta ll ic  s u b s ti tu tio n s  l i e s  between th e  vary  la rg e  so lv en t e f f e c t  on th e
S^l re a c tio n  o f  t -b u ty l  h a lid e s  and th e  much sm alle r so lv e n t e f f e c t  on
111th e  S^2 Menschutkin re a c tio n s . Q uite re c e n tly  th ese  workers have rep o rted  
the  values o f the s tandard  f re e  energy o f  t r a n s f e r  o f  th e  [E t3N -E tI]^  
t r a n s i t io n  s ta te  fo r  the  re a c tio n  between E t3N and E tI  (20) from IMF to  a 
number o f  p ro tic  and a p ro tic  so lv e n ts .
E t3N + E tI  ^  Eti,N+I -  
o r ' (20)
E t3N + E tI Et^N* + I"
They have shown th a t  although so lv en t e f fe c ts  on AG^  fo r  th e  r e a c t io n  o f  
E t3N w ith  E tI are  o f te n  the r e s u l t  o f m ainly t r a n s i t io n  s t a t e  e f f e c t s ,  
th e re  are  numerous so lv en ts  in  which i n i t i a l  s ta te  e f fe c ts  a re  la rg e .
Comparison o f values o f £G^(Tr) w ith  AG^EtiiN^l") and AG°(EtuN+ I")  , 
and comparison o f <SAGr  w ith  SAG0 fo r  e q u i l ib r ia  (20) le d  Abraham to  
conclude th a t  th e  [E t3N -E tI]1 t r a n s i t io n  s ta te  l i e s  between th e  re a c ta n ts  
and the  ion  p a i r ,  r a th e r  c lo se r  to  th e  re a c ta n ts  than to  th e  l a t t e r .
W ithout a d e ta i le d  a n a ly s is ,  i t  i s  n o t p o ss ib le  to  make any
q u a n t i ta t iv e . e s tim a tio n  o f  charge se p a ra tio n  in  th e  t r a n s i t io n  s ta te s
from th e  observed values o f AG°(Tr) . Such an an a ly s is  has been c a r r ie d
112o u t by Abraham and Johnston . . The method th a t  they  used i s  based  on the
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hypo thesis  o f  A lfenaar and de Ligny who suggested th a t  fo r  t r a n s f e r  from 
w ater to  methanol o r to  aqueous m ethanol, AG° fo r  an anion o r c a tio n  was 
composed o f an e le c t r i c a l  and a n e u tra l  p a r t ,  equation  (21 ), and th a t  th e  
value o f AG° fo r  a la rg e  ion  could be taken as equal to  th e  va lue  o f  AG°
AG° = AG° + AG° (21)t e n  '
fo r  an uncharged non-polar so lu te  o f  the same rad ius as th e  io n . I f  AG°
fo r  th e  ion  was known, i t  was th e re fo re  p o ss ib le  to  deduce th e  v a lu e  o f
th e  e l e c t r o s ta t i c  c o n tr ib u tio n , AG°.3 e
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Abraham and Johnston ap p lied  equation  (21) to  the  case o f  t r a n s f e r s
from methanol to  w ater and to  aqueous methanol fo r  re a c tio n  (2) (R = Me,
E t, Pr11 and X = C£) . They took th e  value o f AG° as the  f re e  energy o f
t ra n s fe r  o f  a non-polar n o n -e le c tro ly te  o f  th e  same volume as th e  sp ec ie s
under exam ination. The fo llow ing expression  was used fo r  c a lc u la tio n s  o f
AG° v a lu es: n
AG°(X) = AG° (non-polar so lu te  o f  same volume as X)
= AG° (non-polar so lu te  o f same volume as X) (22)
i / 3  2 / 3  ^ / 3  5 / 3aQ + a!V ' + a2v + a 3v + a (fv ' + a 5v '
'^1
where v i s  th e  m olar volume o f  sp e c ie s , X, and constan ts  a^ to  a s a re  
em p irica l. Then fo r  a given sp e c ie s , X, using  th e  observed va lu e  o f 
AG°(X), the value o f  AG°(X) can be c a lc u la te d . They suggested th a t  th et  C
value  o f  AG°(X) fo r  an e l e c t r i c a l ly  n e u tra l t r a n s i t io n  s t a t e  can be taken
as a measure o f th e  e x te n t o f  charge sep a ra tio n  (Z±) in  th e  t r a n s i t io n
s ta t e .  Some o f th e i r  c a lc u la te d  values o f  AG° fo r  t r a n s f e r  from methanole
to  w a te r, and corresponding deduced values o f Z±, a re  g iven in  Table 7 .
TABLE 7
Values o f  AG° (I< ca l mol *) fo r  t r a n s f e r  from methanol to------------------- e—i ------------------------------------------------
w ater o f some so lu te s  and t r a n s i t io n  s t a t e s ,  and 
derived  values o f Z± a t  298
S o lu te / t r a n s i t io n  AG° Z ±
s ta te
0 
0 
* 1.0
0.85 
0.42 
0.53
0.59
a - Io n -p a ir
b -  S o lvo lysis  t r a n s i t io n  s ta t e  
c -  Menschutkin re a c tio n
For t r a n s fe r  from methanol to  aqueous m ethanol, th e  average values 
o f Z± fo r  some t r a n s i t io n  s ta te s  a re  given in  Table 8:
CHt, 0
Eti*Sn 0
Mei,JOa -7 .2
[B u ^ J T  b -6 .3
[Me3N/MeI]T c -3 .2
[Mei.Sn/HgCS.2 ] -3 .9
[Eti,Sn/HgC!!.2 ] -4 .4
TABLE 8
Average values o f Z± fo r  t r a n s f e r  from methanol to
aqueous methanol o f t r a n s i t io n  s ta te s  a t  298 K
T ra n s itio n  s ta t e Z±
[Mei+Sn/HgC£2] ^ 0.45 -  0.65
[Et,,Sn/HgCll2]T 0 .60  - 0 .70
[Pr?Sn/HgCS.2] + 0.50 -  0 .60
From th e  values o f  Z± fo r  [Rj+Sn/HgCJ^] ^ t r a n s i t io n  s t a t e s ,  which a re
in te rm ed ia te  between those in  S^l and S^2 so lv o ly se s , Abraham and 
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Johnston concluded th a t  an open t r a n s i t io n  s ta t e  ( I I )  i s  a s u i ta b le  
model fo r  th e  t r a n s i t io n  s ta te s  o f  [RitSn/HgC£2] ^ in  the  so lv e n ts  s tu d ie d .
D issec tio n  o f  so lv en t e f fe c ts  on AG^  and AH^  in to  i n i t i a l  s t a t e  and 
t r a n s i t io n  s ta te  c o n tr ib u tio n s  fo r  re a c tio n  (2) in  methanol and aqueous 
methanol so lv en ts  was d iscussed  e a r l i e r .  Combination o f  th e  values o f 
AG°(Tr) (Table 5) w ith  values o f  AH°(Tr) (Table 4) y ie ld  th e  v a lu es 
o f AS°(Tr) through equation  (23):
AG°(Tr) = AH°(Tr) -  T AS°(Tr) (23)
T was taken  as 298 K. I t  was shown th a t  th e  v a r ia t io n s  in  SAS  ^ w ith  
so lv en t com position a re  due to  r a th e r  la rg e  v a r ia t io n s  in  th e  en tropy  o f  
th e  re a c ta n ts  and o f th e  t r a n s i t io n  s ta t e .  From a comparison o f  v a lu es  o f  
AS°(Tr) w ith  AS° fo r  various so lu te s  o f approxim ately the  same s iz e  as th e  
t r a n s i t io n  s ta t e s ,  i t  was suggested th a t  charge se p a ra tio n  in  t r a n s i t io n  
s t a t e ,  [EtijSn/HgCj^]^* i s  very  high  in  so lv en ts  methanol and m ethanol- 
w ater m ix tu res.
As f a r  as e le c tro p h i l ic  s u b s t i tu t io n  a t  u n sa tu ra ted  carbon i s
-4-  ^
concerned, in  no cases have such d is s e c tio n s  (on AGT, AH' and AS1) o f 
so lv en t e f fe c ts  been rep o rted  and one o f  the  aims o f th is  work i s  to  
c a rry  ou t such an a ly ses.
Io n ic  s tre n g th  e f fe c ts  on s u b s t i tu t io n  re a c tio n
A s a l t  s o lu tio n  i s  a more p o la r  medium than  the  so lv e n t i t s e l f ,  
hence re a c tio n  r a te s  respond to  the  ad d itio n  o f n o n -reac tin g  s a l t s  as. fo r  
a change to  a more p o la r  medium. I f  one o r more n e u tra l m olecules a re  
re a c tin g  to  form o p p o s ite ly  charged io n s , as in  the  h y d ro ly s is  o f  an 
a lk y l h a lid e  (24), th e  t r a n s i t io n  s ta te  may be considered  a s tro n g  d ip o le .v
RX + H20 ROH2 + X" (24)
Each end o f the  d ip o le  w i l l  surround i t s e l f  by an ion atmosphere o f
opposite  charge, which w i l l  tend to  s ta b i l i z e  th e  d ip o le  j u s t  as an io n  i s
s ta b i l iz e d  by i t s  io n ic  atmosphere. In  th e  h y d ro ly sis  o f  a 0 .1  m olar 
t -b u ty l  bromide in  aqueous acetone a t  5 0 ° C ^ th e  f i r s t - o r d e r  r a te  co n s tan t 
i s  found to  in c rease  on a d d itio n  o f  in e r t  s a l t s .  The r e s u l t s  ob ta ined  
were analysed fu r th e r  to  y ie ld  q u a n ti ta t iv e  in form ation  on th e  degree o f  
charge sep a ra tio n  in  the  t r a n s i t io n  s ta t e  o f t -b u ty l  bromide re a c tio n  in  
aqueous acetone (Table 9 ) .
TABLE 9
The e f fe c ts  o f  added s a l t s  in  the  hyd ro ly sis  o f  t -  
b u ty l bromide in  aqueous acetone a t  50°C-^
Type o f s a l t [ S a l t ] . mol k /k 0 Z2d (X) z a
LiBr 0.1065 1.44 0.82 0.57
LiCA 0.1005 1.39 0.78 0.56
NaN3 0.1000 1.40 0.80 0.57
a -  d i s  taken  as 2.5 X
absence o f  added s a l t ,  Z i s  the f ra c t io n a l  charge o f each .pole and d i s
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th e  d is ta n c e  between them. T a ft e t  a l  have examined the  e f f e c ts  o f
added s a l t s  on the  unim olecular so lv o ly s is  o f  t -b u ty l  ch lo rid e  in  aqueous
s o lu tio n  in  some d e ta i l .  The r a te  o f  th e  so lv o ly s is  in c reased  on
ad d itio n  o f s a l t .  They found th a t  th e  f ra c t io n a l  charge, Z, in  th e
t r a n s i t io n  s ta te  fo r  th e  h y d ro ly sis  o f  t -b u ty l  ch lo rid e  was 0 .8  u n its  o f
charge sep ara ted  a t  a d is tan ce  o f  2.3 S . B im olecular re a c tio n s  between
n e u tra l  m olecules proceeding through t r a n s i t io n  s ta te s  in  which charge
sep a ra tio n s  occur, would be expected to  undergo in c reases  in  r a t e  on
ad d itio n  o f in e r t  s a l t s .  I t  follow s th a t  i f  a re a c tio n  proceeds by
mechanism S^2 (open), a d d itio n  o f  in e r t  s a l t s  should a c c e le ra te  th e  r a te  o f
re a c tio n , s in ce  th e  t r a n s i t io n  s ta t e  o f an Sg2(open) re a c tio n  i s  more
p o la r  than  th e  r e a c ta n ts . I f ,  however, a re a c tio n  occurs by mechanism
S g 2 (cy c lic ), then e i th e r  no k in e t ic  s a l t  e f fe c ts  o r only s l ig h t  p o s it iv e
k in e t ic  s a l t  e f fe c ts  should be expected, s in ce  charge se p a ra tio n  in  a
c y c lic  t r a n s i t io n  s ta t e  i s  probably  q u ite  low. Therefore th e  s a l t  e f f e c t
occupies a key p o s it io n  in  d is tin g u ish in g  th e  two d i f f e r e n t  mechanisms,
37-39i . e .  Sg2(open) and S ^ 2 (c y c lic ) . Abraham e t  a l  have s tu d ied  th e  e f f e c ts  
o f  in e r t  s a l t s  m ainly on re a c tio n  (2) (R = E t and X = CJl, I ,  OAc) in  
d i f f e r e n t  so lv en ts .
In  the  cases s tu d ied  th e  e f fe c t  o f added in e r t  s a l t s ’ (Bu^ NCZOi* and/
or LiCZOiJ on the. r a te  o f th e  re a c tio n  was to  in c rease  g re a t ly  the  va lu e
o f th e  second-order r a te  co n sta n t. The s a l t  e f fe c ts  fo r  th e  re a c tio n
38were analysed as follow s . For re a c tio n  (2) (R = E t and X = C&) , th e  
Bronsted-Bjerrum  equation  (24) i s :
(24)
where k and kQ r e f e r  to  th e  second-order r a te  co n stan ts  in  the  presence 
and in  th e  absence o f an added e le c tro ly te  re sp e c tiv e ly . For any n e u tra l  
sp ec ies  we may w r i te ,  y = Y^/Y^ where y^ and Ym r e f e r  to  the  c o n tr ib u tio n  
from th e  io n  atmosphere e f f e c t  and the  s a l t  induced medium e f f e c t .  Then 
equation  (24) may be re w rit te n  as :
k/k = Et^Sn.Y EUSn HgCS.2.Y Hga 2 / Y + -  +
o 'm 'i ’m  5i / 'm 1 i  ^ J
Abraham took y.Eti*Sn y as u n ity  and can ce lled  th e  s a l t  induced
medium e f f e c t ,  so th a t
i
k /k Q = l /y ^  ,'(26)
Tlie ion  atmosphere e f f e c t  on the  a c t iv i ty  c o e f f ic ie n t  o f  a d ip o le  c o n s is tin g
114o f p o in t charges +Z and -Z sep ara ted  a t  a d is tan ce  d i s  g iven by 
equation  (27):
4'TrNetf
"log  y- =   Z2 ,d*I • (27)
-1 2303 (ek'T) 2
where N i s  th e  Avogadro number, e th e  e le c tro n ic  charge, e th e  d i e l e c t r i c  
co n stan t o f  th e  so lv e n t, k* th e  Boltzmann c o n s ta n t, and I i s  th e  io n ic  
s tre n g th . Considering equation  (26), then  equation  (27) can be w r i t te n  a s :
4TrNe
log k /k  *-= ------------------ Z2-d -I  = J-Z 2-d -I  (28)
2303 (ck 'T )2
Equation (27 ), and hence equation  (2 8 ), only ap p lie s  a t  very  low io n ic  
s tre n g th s , and in  o rd er to  c a lc u la te  th e  term  JZ2d the  q u a n tity  
( lo g (k /k 0) } /l  should be e x trap o la ted  to  I 0 . The r e s u l t s  o f such 
an a ly s is  on re a c tio n  (2) '(R  = E t and X = C£) a re  given in  Table 10.
TABLE 10
A nalysis o f  th e  k in e t ic  s a l t  e f f e c t  o f  added Bu?NC&0tt on 
th e  re a c tio n  between E~USn and HgC&2 a
Solvent
Temp
K
£
{log(k /k  ) / I }
J  0 Z2d 
1-5-0
z2db
Me0H/H20C 313 32.2 0.903 1.56 1.73 1.60
MeOH 298 32.6 0.972 2.15 2.21 2.22
x(Me0H)=0.84d 298 27.2 1.396 3.73 2.67 2.79
x(MeOH)=0.40 298 18.7 2.954 6.94 2.35 2.52
x(Me0H)=0.20d 298 15.9 4.086 9.20 2.25 2.27
t-BuQH 303 11.6 7.423 19.0 2.56 2.69
MeCNe 298 36.2 - - 0.65 0.62
Me2C0f 298 20.5 2.460 (2.55(4.66
(1.04
(1.89 1.24
a -  From re fe ren ce  38 except -where in d ic a te d .
b -  The values o f  Z2d have been re c a lc u la te d  in  th i s  work, u s in g
previous r e s u l t s  (see p .113) fo r  th e  method o f  c a lc u la tio n .
c -  From re fe ren ce  37;th e  mole f ra c t io n  methanol i s  0 .914.
d -  Mole f ra c t io n  methanol in  t-bu tano l-m ethano l m ix tu res .
e -  From re fe ren ce  39.
f  " From re fe ren ce  116.
From th e  va lues o f Z2d c a lc u la te d  in  th is  way fo r  re a c tio n  (2) (R = E t 
and X = C£), Abraham e t  a l  suggested  th a t  the  mechanism o f  th e  re a c t io n  
remains S^2(open) along the  e n t i r e  so lv e n t range from aqueous methanol 
down to  acetone. The e x te n t o f a c c e le ra tio n  o f r a te  fo r  r e a c tio n  (2)
(R = E t and X = I) by a d d itio n  o f  in e r t  s a l t s  was as fo r  re a c t io n  (2)
7 0
(R = E t and X = C&) and mechanism Sg2(open) was again  suggested  R eaction
(2) (R = E t and X = OAc) in  methanol was su b je c t to  very  la rg e  p o s i t iv e
s a l t  e f f e c ts ,  b u t was u n affec ted  by the  e le c t r o ly te  in  so lv e n t t-b u ta n o l° °  
The very  la rg e  p o s it iv e  s a l t  e f fe c ts  in  th e  foraier case was considered  to  
be due to  conversion o f th e  mercury (I I) a c e ta te  to  a more re a c tiv e  sp ec ies  
such as Hg(0Ac)C5f)If. Hence they  d id  no t have evidence from th e  s a l t  
e f fe c ts  as to  w hether re a c tio n  (2) (R = E t and X = OAc) proceeds v ia  th e  
Sg2 (open) or S^2 (cy c lic )  mechanism in  m ethanol.
DISCUSSION
SECTION 5
REDETERMINATION OF RATE CONSTANTS AND ACTIVATION  
PARAMETERS FOR REACTION OF TETRAMETHYLTIN BY 
M E R C U R Y (II)  CHLORIDE IN METHANOL
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In tro d u c tio n
The r a te  co n stan ts  fo r  the re a c tio n  between te tra m e th y ltin  and
mercury (I  I) c h lo rid e  in  so lv en t methanol a t  25°C and 40°C have been
33determ ined sp ec tro p h o to m etrica lly  by Abraham and Johnston . Reutov and 
80co-workers l a t e r  determ ined p o la ro g rap h ica lly  the  r a te  co n s tan ts  fo r
th is  reac tio n  in  the  presence of 0.1 M NaC£CV in  methanol a t  various
rep o rted  by th ese  two groups a re  no t the  same, and in  view o f  th i s  
d iffe ren ce s  a re  a lso  found in  the  a c t iv a t io n  param eters. As a r e s u l t  o f  
th ese  in c o n s is te n c ie s , the r a te  co n stan ts  and th e  a c t iv a t io n  param eters 
were redeterm ined in  the  p resen t work fo r  the  above re a c tio n  in  so lv en t 
m ethanol, both in  the  absence and in  th e  presence o f  0 .1  M NaC£0u.
The re a c tio n  between te tra m e th y ltin  and mercury (I I) ch lo rid e  in  
so lv en t methanol in  the  presence and in  th e  absence o f 0 .1  M 
sodium p e rc h lo ra te  a t  various tem peratures
33 80I t  has been e s ta b lish e d  ’ th a t  th e  sto ich iom etry  o f  re a c t io n  (1) 
in  methanol i s :
R eaction (1) follow s o v e ra ll second-order k in e t ic s ,  f i r s t - o r d e r  in  each 
re a c ta n t .  Jo h n sto n ’s and Reutov’s r e s u l t s  a re  in  agreement w ith  each 
o th e r from th i s  p o in t o f  view. K in e tic  runs were s e t  up, quenched,
were c a r r ie d  o u t a t  d if f e r e n t  tem peratures and to  a t  le a s t  10% r e a c t io n ;  
about 12 p o in ts  were taken  fo r  each k in e t ic  run and the d a ta  t r e a te d  by 
use o f  th e  normal second-order r a te  equation . E x ce llen t s t r a ig h t  l in e s
tem peratures inc lud ing  25°C and 40°C. The values o f  the  r a te  co n s tan ts
Me^Sn + HgC£2 -*■ MeHgC£ + Me3SnC£ (1)
analysed , and computed as described  on p . 225. K in e tic  runs
D e ta ils  o f  the  experim ent a re  given in
iUi
S ec tio n  15. The i n i t i a l  co n cen tra tions o f the  re a c ta n ts  in  th e  p re se n t
work and Johnston ’s w o rk ^  a re  about 10"  ^ M. In  th e  case o f Reutov’s
80 * work the  re a c tio n s  were performed under pseudo f i r s t - o r d e r  co n d itio n s
w ith  an excess o f Me4Sn; [Me^Sn] = (2-4) 10*"2 M,[HgC£2] = (2-4) 10*"1* M.
The r e s u l t s  o f  th is  work, to g e th er w ith  those o f  o th e r w orkers, a re
given in  Table 1.
'  TABLE 1
Rate co n stan ts  fo r  th e  re a c tio n  between Me^Sn and HgC&2 in  
MeCH in  th e  presence and in  the  absence o f  0 .1  M NaC&0t» a t
v arious tem peratures5
k2 (& mol 1s " 1) k2 (£ mol-1s _1)
Temp In  th e  absence In  th e  presence
°C o f NaaOi* o f  0 .1  M NaCJlOt*
This work Jo h n sto n 's  work^ This work Reutov’s workc
15 ; -  - 1.26 -
25 1.40 1.55 2.54 0.97
30 2.00 3.56 1.44
40 3.68 3.84 6.52 3.69
45 - - 5.56
a -  Rate co n stan ts  a re  co rrec ted  fo r  so lv en t expansion o r co n trac tio n , 
b -  From Ref. 33. 
c -  From Ref. 80
The r e s u l t s  o f  th is  work in  th e  absence o f 0 .1  M NaCAOi* a re  r a th e r  c lo se  
to  those  found, by Johnston (Table 1 ) . Considering th a t  d i f f e r e n t  
instrum ents have been used, co n s is ten c ie s  a re  regarded as q u ite  good. 
However, th e  k2 values in  th e  presence o f 0 .1  M NaC&Oa ob ta ined  by Reutov 
a re  f a r  from th e  values obtained  in  th is  work. From Table 1 ( th i s  work)
i t  can be seen th a t  the  r a te  o f re a c tio n  ( i)  in creases  on a d d itio n  o f  0.3 M 
NaCfOi, a t  any given tem perature. These r e s u l t s  a re  in  agreement w ith  mecha­
nism 2(open) suggested by Abraham and Jo h n s to n ^  fo r  th is  re a c tio n  in  
m ethanol. The ex ten t o f  r a te  a c c e le ra tio n  fo r  re a c tio n  (1) in  methanol i s  
in  th e  same order as fo r  re a c tio n  (2) in  the same so lv e n t. The r a t io  k2/ k 2 
(k2;-andk2 a re  the r a te  co n stan ts  in  th e  presence and absence o f  added s a l t )  
fo r  th e  re a c tio n  under study ( th is  work, Table 1) a t  25°C i s  1 .8 1 , th e  r a t io  
fo r  re a c tio n  (2) in  methanol*^ on ad d itio n  o f 0 .1  M Bu^ NOlOi* a t  25°C i s  1 .40 .
Et^Sn + HgC£2 -»■ EtHgC£ + E t3SnC£ (2)
33The s im i la r i ty  between th e  r e s u l t s  o f  th i s  work w ith  th e  l i t e r a t u r e  ; ,
when no s a l t  i s  added (Table 1 ) ,  and a lso  th e  reasonable  e x te n t o f  r a te
a c c e le ra tio n  on ad d itio n  o f 0 .1  M NaCJtOt*, confirm  the  accuracy o f th i s
work. T herefore , i t  i s  concluded th a t  Reutov’s r e s u l ts  (Table 1) a re  no t
80r e l ia b le  and th a t  Johnston ’s r e s u l t s  are  reasonably  good. Reutov
compares h is  value o f  k 25 = 0.97 (& m o ld s '"1) w ith  Johnston ’s v a lu e , a
value (0.71) he gives as Jo h n sto n 's  work. Such a value was n o t quoted by 
33Johnston , whose value  o f 93.1 (& mol"" min" ) corresponds to  1.55 
(& mol 2s *) a t  25°C. A s im ila r  m istake has been rep ea ted  in  comparing 
th e  values o f k2 a t  40°C. Reutov compares h is  value o f k2° = 3.69
(& mol 1s 1) w ith  a value o f k2 = 1.57 from Johnston ’s work, whereas th e  
value a c tu a lly  found by Johnston i s  230.1 (£ mol""1min” 1) o r 3.84 
(il mol-1s -1 ) ,  Table 1.
The a c tiv a tio n  param eters fo r  re a c tio n  (1) in  methanol in  th e  
presence and in  the  absence o f NaCJ^ Oi* were determ ined from th e  r e s u l t s  
o f  th i s  work given in  Table 1. These param eters were c a lc u la te d  as 
described  in  S ection  14 and are  given along w ith  those  o f  o th e r  workers 
in  Table 2.
TABLE 2
A ctiv a tio n  param eters fo r  th e  re a c tio n  between Me^Sn and 
HgCAtt in  MeOH in  th e  presence o f 0 .1  M NaC&Oit and in  the 
absence o f  NaCLO  ^ a t  298 K (on th e  molar sca le)
AY*
In  the  absence 
o f  NaC&Ot*
In  the  presence 
o f 0 .1  M NaCJtOij
AA
This
work
Jo h n sto n ’s
worka
This
work
Reutov’s
work^
AH^(cal mol X) 11300±180C 10600±450 11200±180C 16000
AS^(cal deg’ V o l” 1) -19.9±0.6 -22.1±1.5 -19.1±0.6 , -5
AG^(cal m ol"1) 17250±12 17193±10 16900±12 17470
a -  From Ref. 33. 
b -  From Ref. 80.
c -  The e r ro rs  have been c a lc u la te d  assuming th a t  th e  s tandard  e r ro r  
in  th e  r a te  constan t i s  21.
Because th e  r a te  co n stan ts  in  th e  case o f th is  work and Reutov’s
work ( in  th e  presence o f  NaCfcOiJ a re  d i f f e r e n t ,  th e  a c t iv a t io n  param eters
I
a re  a lso  d i f f e r e n t ,  whereas th e  values o f  AX' in  th e  p re sen t work
(Table 2) compare w ell w ith  the  values determ ined by Johnston . The
i f
a d d itio n  o f  NaC£0it lowers th e  a c t iv a t io n  param eters AGr  and AH' fo r
re a c tio n  (1) as expected, b u t to  a sm all e x te n t. The values o f  AX1
obtained  in  t h i s  work (in  bo th  c a s e s ) ,  o r Jo h n sto n ’s work, a re  com patible
w ith  mechanism Sg2(open) and such values have been rep o rted  fo r
s u b s t i tu t io n  o f o th e r t e t r a a lk y l t in s  by m ercury(II) ch lo rid e  in  so lv en t 
33aqueous methanol . In  Table 2, fo r  each param eter AXT, th e re  a re  th re e  
r a th e r  s im ila r  v a lu es . I t  i s  suggested th a t  th e se  values o f AH', AS' 
and AG* rep re sen t reasonable values fo r  th ese  param eters, whereas 
Reutov’s values a re  no t reasonable and i t  i s  suggested  th a t  they  a re  n o t
The d iffe re n c e s  between th e  r e s u l t s  o f  th i s  work and those  o f 
Reutov could probably be a t t r ib u te d  to  th e  fo llow ing factor" . The 
re a c tio n s  have been c a r r ie d  ou t under f i r s t - o r d e r  cond itions w ith  an 
excess o f Me„Sn, [Me„Sn] = (2-4)10-2 M, [HgC£2] =  (2-4) lO-11 M. I t  i s  
p o ss ib le  th a t  the  compound Me^Sn causes a decrease in  p o la r i ty  o f  th e  
so lv en t which leads to  a slower re a c tio n  r a te .
Conclusion - th e  r e s u l t s  o f  th i s  work confirm  th e  accuracy o f 
Jo h n sto n ’s r e s u l t s .
SECTION 6
KINETICS OF REACTIONS OF TETRA-ALKYLTINS BY
/
M E R C U R Y (II)  SALTS IN ETHYL ACETATE
105
In tro d u c tio n
In  S ection  1 th e  various p o ss ib le  mechanisms o f e le c tro p h i l ic  
s u b s ti tu tio n s  a t  s a tu ra te d  carbon atoms were o u tlin e d . S ection  2 was 
devoted p a r t ly  to  th e  in v e s tig a tio n  o f the  experim ental evidence fo r  the  
b im olecular e le c tro p h i l ic  s u b s t i tu t io n  re a c tio n s , and in  p a r t ic u la r  the 
s te reo ch em istry  o f them. The e le c tro p h i l ic  cleavage o f some a lk y l-  
t r a n s i t io n  m etal complexes by e le c tro p h ile s  described  in  S ection  2 showed 
th a t  the cleavage can. take  p lace  by a p re lim in ary  one- o r  tw o -e lec tro n  
o x id a tio n ;o f  th e  m etal complexes, follow ed by backside n u c leo p h ilic  
a t ta c k  a t  th e  a-carbon. The p o s s ib i l i ty  o f  an e le c tro n  t r a n s f e r  mechanism 
fo r  th e  o rganom etallic  re a c tio n s  was a lso  considered  in  S ec tion  2.
Examples may be found in  th e  l i t e r a tu r e  to  show th a t  in  some cases a 
re a c tio n  can take p lace  by more than  one mechanism, depending upon th e  
experim ental co n d itio n s . For example, in  th e  iododem etalla tion  o f some 
t e t r a - a lk y l t in s ,  a lk y l group e f fe c ts  vary considerab ly  w ith  so lv e n t. In  
Table 1 a re  given th e  r e la t iv e  r a te s  o f  e le c t ro p h i l ic  s u b s t i tu t io n ' (=Sg2) 
o f the  re a c tio n  in  d i f f e r e n t  so lv e n ts .
TABLE 1
R ela tiv e  r a te s  o f  iododem etalla tion  o f  some 
t e t r a - a lk y l t in s  a t  20°C
No R eactants Solvent R: Me E t Pr11 Bu11 P r1 Ref
1 R4Sn + I 2 MeOH 100 12 1.4 0.57 0.06 117
2 R.,Sn + J 2 ACQH 100 33 3 .9  3 .3  0.03
3 R„Sn + 12 PhCS. 100 600 78 60 560 100
Such a change in  k (Me4Sn)/k (E t4Sn) from 8 in  methanol to  -0 .2  in
chlorobenzenc suggests th a t  th e  mechanism cannot be th e  same. One p o s s ib le
in te rp r e ta t io n  o f the  change in  th e  mechanism i s  th a t  o f  Abraham and 
21H ill  . These workers have suggested th a t  i f  an e le c tro p h i l ic  
s u b s t i tu t io n  re a c tio n  proceeds by mechanism 2 (open) then  th e  
c h a r a c te r is t ic  s te r i c  sequence o f r e a c t iv i ty  (1) i s  observed,
R = Me > Et > Pr11 = Bu11 > Bu1 > P r1 (1)
b u t i f  a s u b s t i tu t io n  takes p lace  by mechanism S ^ 2 (c y c lic ) , the  observed 
r e a c t iv i ty  sequence would be some com bination o f th e  s t e r i c  sequence (1) 
w ith  th e  p o la r  sequence (2) : •
R = Me < Et < Pr11 -  Bu11 < P r1 (2)
According to  th e  above th eo ry , re ac tio n s  (1) and (2) in  Table 1 may be 
c la s s i f ie d  as S^2(open) and re a c tio n  (3) as S ^ 2 (c y c lic ) .
E xtensive s tu d ie s  have been c a r r ie d  out on the  s u b s t i tu t io n  o f 
v arious te t r a - a lk y l t in s  by m ercury(II) s a l t s  (3) in  d i f f e r e n t  so lv en ts  
by Abraham and co-workers:'
Ri*Sn + HgX2 PHgX + R3SnX (3)
Various methods such as k in e t ic  s a l t  e f f e c ts ,  th e  e f fe c ts  o f  a lk y l groups, 
e tc .  ( d if f e re n t  methods a re  described  in  Sections 2 and 4) were used to  
determ ine th e  mechanism o f th ese  re a c tio n s . The general conclusion  i s  
th a t  th e  t r a n s i t io n  s ta te  o f th ese  re a c tio n s  i s  more o r le s s  p o la r  in  th e  
so lv en ts  s tu d ied  (see Table 10, p .96 fo r  z 2d ) , and the  r a t io s  o f  
k(Me4S n )/k (E t4Sn) a re  more o r le s s  th e  same.
The r e la t iv e  ra te s  o f  s u b s t i tu t io n  o f te t r a - a lk y l t in s  by m ercury(II) 
c h lo rid e  in  various so lv en ts  are  given in  Table 2.
TABLE 2
R ela tiv e  ra te s  o f  s u b s t i tu t io n  o f  t e t r a - a lk y l t in  
compounds by m ercury(II) ch lo rid e  a t  25°C
Solvent Me^Sn Eti*Sn GO S3 Bu?Sn Pi^Sn Ref
MeOH 100 0.215 0.0405 0.0396 <10"6 33
MeCN 100 0.663 0.1510 0.1620 <10“ G . 34‘.
B u W 100 0.150 0.0240 0.0161 <10~h 34
Me2C0 100 0.305 116
a -  R e la tiv e  r a te s  a t  40°C.
In comparison w ith  la rg e  e f fe c ts  on iododem eta lla tion  o f  t e t r a -  
a lk y lt in s  (Table 1 ) , change o f  so lv en t from methanol to  acetone produces 
only sm all e f fe c ts  on the  s u b s t i tu t io n s  in  Table 2, As a lread y  m entioned, 
mechanism S^2(open) has been suggested fo r  th ese  s u b s t i tu t io n s .  T herefore 
in  o rder to  see i f  any change takes p lace  in  th e  mechanism o f  th ese  
re a c tio n s  w ith  change o f  so lv e n t, th e  re a c tio n s  should be s tu d ied  in  a 
le s s  p o la r  so lv en t.
In  th e  p re sen t work e th y l a c e ta te  was chosen as so lv e n t, s in c e  i t s  
d ie le c t r ic  constan t i s  q u ite  sm all (e 25 = 6 .0 2 ), and th e  s o lu b i l i ty  o f  
most o f  the  re a c ta n ts  proved to  be enough fo r  k in e t ic  s tu d ie s  to  be 
c a rr ie d  o u t.
Various methods were employed in  th e  deduction  o f  mechanism o f  
th ese  s u b s ti tu tio n s  in  e th y l a c e ta te  as fo llow s:
-  General product analyses and o v e ra ll  k in e t ic s  o f  re a c tio n s  o f
te t r a - a lk y l t in s  by m ercuryfll) s a l t s ;
-  th e  e f f e c t  o f  added in e r t  s a l t  on th e  r a te  o f  re a c tio n  o f  t e t r a -
f i T l  i " i "  ' i  r»  T p o - v n i - m ' f  I 1 » 1  A *
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-  th e  e f fe c t  o f  changing a lk y l group on the  r a te  o f re a c tio n s  o f 
t e t r a - a lk y l t in s  by m ercury(II) s a l t s ;
-  the  e f fe c t  o f  changing e le c tro p h ile  on the  r a te  o f re a c tio n s  o f  
t e t r a - a lk y l t in s  by m ercury(II) s a l t s ;
-  s u b s ti tu tio n s  o f te t r a - a lk y l t in s  by m ercury(II) ca rb o x y la te s ;
-  thermodynamic a c t iv a t io n  param eters fo r  re a c tio n s  o f te t r a - a lk y l t in s  
by m ercury(II) h a l id e s ,  and th e  d is s e c tio n  o f  so lv en t e f f e c t  in to  
i n i t i a l -  and t r a n s i t io n - s ta te  c o n tr ib u tio n s .
The o u tlin ed  methods w i l l  be d iscussed  in  o rd er in  th is  s e c tio n .
General product analyses and o v e ra ll  k in e t ic s  o f  re ac tio n s  
of te t r a - a lk y l t in s  by m ercury(II) s a l t s  ~~
Product an a ly s is  fo r  re a c tio n  (3) (R = Me, X = CL) in  so lv e n t e th y l 
a c e ta te  was c a r r ie d  out as described  in  S ectio n  15, p . 239.
The percentage y ie ld  o f methyl m ercury(II) ch lo rid e  was 94% based on
the  sto ich iom etry  o f equation  (3) (R = Me, X = CL) . I t  i s  concluded th a t
/
the  equation  does indeed re p re se n t th e  sto ich io m etry  o f th e  re a c tio n  in  
so lv en t e th y l a c e ta te . On th e  b a s is  o f  th e  product a n a ly s is  fo r  re a c tio n
(3) (R = Me, X = CL) in  th is  so lv e n t, i t  i s  assumed th a t  equation  (3) a lso  
rep re sen ts  th e  sto ich iom etry  o f th e  s u b s t i tu t io n  o f  t e t r a - a lk y l t in s  
(RifSn, R = Me, E t) by m ercury(II) s a l t s  (HgX2 , X = CL, I ,  OAc) in  the  
same s o lv e n t .
K in etics  o f re a c tio n  (3) (R = Me, E t and X ~ CL, I) in  so lv e n t e th y l 
a c e ta te  were follow ed by th e  procedure o f  quenching a liq u o t p o rtio n s  o f 
th e  re a c tio n  m ixture in  a m ethanol-w ater m ixture co n ta in in g  potassium  
io d id e . This procedure r e s u l ts  in  q u a n ti ta t iv e  conversion  o f un reac ted  
m ercury(II) s a l t  to  H gl3 and the  co n cen tra tio n  o f the  l a t t e r  was
iiU
determ ined through i t s  absorbance u sing  an SP 3000 spectrophotom eter 
(see S ection  14 fo r  d e t a i l s ) . In  general ca . 12 p o in ts  were taken  in  
any k in e t ic  run , and th e  runs were follow ed to  a t  le a s t  50-70% re a c tio n .
For th e  f i r s t  sev e ra l experim ents absorbance measurements were made a t  
four w avelengths, 301.5, 315, 330 and 345 nm. The d a ta  fo r  each run  a t  
each w avelength was t re a te d  by a p p lic a tio n  o f th e  usual second-order r a te  
equation  and th e  values o f  k 2t  were then  p lo t te d  versus t  (tim e) and k 2 
was c a lc u la te d  from the  slope o f th e  l in e ,  u s in g  a le a s t  squares method. 
Since the  p lo ts  r e s u l t in g  from values o f  k 2t  a g a in s t t  (tim e) fo r  
wavelength 315 nm were u su a lly  b e t te r  th an  those  fo r  the o th e r  w avelengths, 
i t  was decided to  make the  absorbance measurements fo r  the  r e s t  o f  th e  • 
experim ents e i th e r  a t  301.5 and 315 nm or a t  315 nm only . A ll th e  r a te  
co n stan ts  ob ta ined  are  given in  S ection  15. Where the r a te  co n s tan ts  were 
determ ined a t  a l l  four w avelengths, th e  a c t iv a t io n  param eters c a lc u la te d  
a re  alm ost the same (see Table 3 fo r  exam ple), and the  values o f  z2d 
obtained  from s a l t  e f f e c t  s tu d ie s  a re  a lso  s im ila r  (Table 4 ) .
TABLE 3
A c tiv a tio n  param eters fo r  th e  re a c tio n  o f  Eti^Sn w ith  HgC£2 in
e th y l a c e ta te  a t  298 K (on the mole f r a c t io n  sca le )
Wave-
leng th
(ran)
AG*+
(K c a l mol *)
AHX*
(K c a l mol-1 )
ASX*
Ref
(c a l deg 1mol” 1)
301.5 2 1 .51±0.01a 11.95±0.18a -3 2 .l± 0 .6 a This
work
315 21.55 " 12.33 " -30 .9  " it
330 21.46 " 12.47 " -30 .1  " »i
345 21.47 " 12.56 !i -29 .9  " ii
a E rro rs  have been c a lc u la te d  assuming th a t  the  s tan d ard  e r ro r  
in  r a te  qonstan t is  2%.
R eaction (3) (R = Me, E t and X = C£, I) in  so lv en t e th y l a c e ta te  
follow s second-order k in e t ic s ,  f i r s t - o r d e r  in  each re a c ta n t ,  and in  a l l  
cases th e  second-order r a te  equation  i s  obeyed. R eaction (3) (R = a lk y l
7 C 7 0
and X = I) in  so lv en t 961 methanol-4% w ater , t -b u ty l  a lcoho l and 
39a c e to n i t r i l e  , takes p lace  in  two s ta g e s , equations (3) and (4 ) , o f  which 
th e  second i s  f a s t :
rx  '
R3S n a  + HgX2 R3Sn + HgX3 ( 4 )
I t  has been shown th a t  th e  complex H gl3~ does no t a c t as an e le c tro p h ile  
and th e  only re a c tiv e  sp ec ies  i s  Hgl2 . When X = C& no complex form ation  
(4) takes p lace  in  the above so lv e n ts . However, Reutov and co-workers 
found when X = Cl in  DM30, th e  subsequent rap id  equ ilib rium  com plicates 
th e  o v e ra ll  k in e t ic s  o f  re a c tio n  (3) (R = a lk y l)  . They found th a t  in  th e  
presence o f  th e  anion Cl~ a re a c tio n  w ith  HgC£2 under th e  a c tio n  o f  C&” 
o r  a re a c tio n  w ith  HgC&3~ takes p la c e . However, i t  was shown th a t  th e  
c o n tr ib u tio n  o f  HgC£3 o r HgC£2 + CJl to  th e  re a c tio n  in  comparison w ith  
HgC&2 can be n eg lec ted .
In  the p re sen t work the k in e t ic s  of. re a c tio n  (3) (R = Me, E t and
X = CJl, I) in  so lv en t e th y l a c e ta te  proved s tra ig h tfo rw a rd , and in  a l l
cases re a c tio n  (4) does n o t occur. These r e s u l t s  mean th a t  th e
form ation co n stan t o f  th e  complex HgX3~ is  very  sm all in  th is  so lv e n t,
and th a t  equ ilib rium  constan t (K), even in  th e  case o f X = I , can be
taken as zero . This value o f  K i s  n o t unexpected, because so lv en t e th y l
a c e ta te  w ith  a d ie le c t r ic  constan t o f  6.02 a t  25°C is  le s s  l ik e ly  to
s ta b i l i z e  the  ions formed in  the  second s tag e  (4) than  so lv en ts  such as
DMSO. In accordance w ith  th e  r e s u l ts  ob ta ined  ( th is  work) fo r  re a c tio n
(4) (R = Me, E t and X = Cft, I) in  e th y l a c e ta te ,  where K was found
119k in e t ic a l ly  to  be zero , C h ip p erfie ld  and co-workers have q u ite  re c e n tly
rep o rted  th a t  HgBr2 does n o t form a complex w ith  BrSnMe3 in  dioxan and 
e th y l a c e ta te ,  b u t probably does so in  acetone.
The p o s s ib i l i ty  o f perform ing k in e t ic  runs w ith high concen tra tio n s
o f  th e  re a c ta n ts  fo r  re a c tio n  (3) (R = E t, X = C£) in  e th y l a c e ta te  was
examined. The r e s u l ts  a re  given in  Table 3, p . 242. From th is  ta b le  th e
values o f  the  second-order r a te  constan ts  seem to  d i f f e r  s l ig h t ly  when th e
re a c tio n  is  performed with- r a th e r  h igh  concen tra tions o f  th e  re a c ta n ts .
The v a r ia tio n s  are  b e liev ed  to  be due to  a so lv en t f a c to r .  I t  i s ,
however, c le a r  from th e  ta b le  th a t  even a t  h igh co n cen tra tions o f
m ercury(II) ch lo rid e  th e  v a r ia t io n  o f k 2 w ith  co n cen tra tio n  o f  m ercury(II)
ch lo rid e  i s  much sm aller than would norm ally be expected from a k in e t ic
term, second-order in  m ercury(II) c h lo r id e , s in ce  each run is  a lso  second-
o rd er. Therefore a th ird -o rd e r  term , k 3 [EtaSn][HgC£2] 2 , can be e lim in a ted . 
119C h ip p erfie ld  a lso  fin d s  th a t  th e  second-order r a te  co n stan ts  fo r  th e
re a c tio n  between Mn (Co) 5 (SnMe 3) w ith  HgBr2 in  e th y l a c e ta te  in c re a se  w ith
in c reasin g  th e  co n cen tra tio n  o f HgBr2, and i t  i s  thought to  be due to  a
29 77so lv en t e f f e c t .  S im ilar r e s u l ts  were ob tained  by o th e r workers 9 f o r  th e  
second-order re ac tio n s  o f  phenyl- and o- and p - to ly l tr im e th y ls i la n e s  w ith  
Hg(0Ac)2 in  g la c ia l  a c e t ic  a c id . Due to  th e  in s o lu b i l i ty  o f  m ercury(II) 
a c e ta te  in  so lven t e th y l a c e ta te , the  r a te  o f  re a c tio n  (3) (R = Me, E t 
and X = OAc) could not be obtained  experim en tally  under th e  co n d itio n s  
used fo r  re a c tio n s  involv ing  m ercury(II) c h lo rid e  and io d id e . In  th is  
case the  ra te s  were estim ated  (see p . 125) and a re  given h e re , 
k 25(Eti*Sn/Hg(0Ac) 2) = 0.290 £ mol Snin” ] and k 25 (MeitSn/Hg(OAc) 2) =
40.5 £ mol" V an” 1.
The e f f e c t  o f added in e r t  s a l t  on the r a te  o f re a c tio n  of 
te t r a e th y l  t i n  by mercury ( I I )  ch lo rid e
In  o rd er to  o b ta in  more in form ation  about the  mechanism o f re a c tio n
(3) (R = E t and X = C£) in  e th y l a c e ta te ,  th e  e f f e c t  o f added te t r a - n -
butylammonium p e rch lo ra te  on th e  r a te  o f th e  re a c tio n  was in v e s tig a te d .
D e ta ils  o f  the  k in e t ic  experim ents a re  given in  Table 5, S ection  15
(see a lso  p . 241). From th i s  ta b le  i t  can be seen th a t  a d d itio n  o f th e
in e r t  s a l t  r e s u l ts  in  an in c rease  in  th e  value  o f th e  second-order r a te
l aco n s ta n t. According to  th e  Hughes and Ingold  theory  of k in e t ic  s a l t  
e f f e c ts ,  th i s  in c rease  in d ic a te s  th a t  th e  re a c tio n  i s  proceeding by a 
t r a n s i t io n  s ta t e  which i s  more p o la r  than  the  i n i t i a l  s t a t e .  The s a l t  
e f fe c ts  in  so lv en t e th y l a c e ta te  (Table 5, p . 244) may be t re a te d  in  
terms o f  equation  (5 ) , where a l l  th e  terms a re  as defined  on p . 95.
log  k /k
4TTNe z d .I  
2303 (eKT)
= J z 2d -I (5)
In  th e  d e r iv a tio n  o f  th is  equation  (see p . 94 ), th e  t r a n s i t io n  s ta t e  i s
assumed to  behave as though i t  were a p o in t d ip o le  ca rry in g  charges +z
and -z  sep ara ted  a t  a d is tan ce  d/A°. Equation (5) only ap p lie s  a t  very
low io n ic  s tre n g th s , th e re fo re  th e  q u a n tity  { l o g ( k / k } / I  was e x tra p o la te d
121to  I -*-0. The e x tra p o la tio n  was c a r r ie d  ou t by th e  Lagrange method which 
i s  p a r t ic u la r ly  u se fu l fo r  d a ta  w ith  unequal X in te rv a ls .  The Lagrange 
fonnula fo r  r  d a ta  i s  given by equation  (6 ):
V X2 V X3 V X---------- X   X   X* •
X i - X 2 X1-X3 X1-X4 X 2 - X 1  X 2 - X 3  X 2 - X 4
(6)
to  a t o t a l  o f  r  da ta
The r e s u l ts  fo r  such analyses fo r  re a c tio n  (3) (R = E t and X = C&) in
TABLE 4
The values o f z 2d fo r  the  re a c tio n  between EtitSn and
HgC£2 in  e th y l a c e ta te a t  25°C a t  d i f f e r e n t  wavelengths
Wavelength (nm) z2d (X) Ref
315 1.29 This work
330 1.15
345 0.92 11
For consistency  (see p . 110) th e  r e s u l t  fo r  wavelength 315 nm i s  
d iscussed  h e re . The r e s u l ts  o f th i s  work in  e th y l a c e ta te  are  compared 
w ith  those in  o th er so lv e n ts . D e ta ils  a re  given in  Table 5 (p .115).
Since d depends very  much upon the  s te reo ch em istry  o f th e  t r a n s i t io n
s ta te  o f  re a c tio n  (3) (R = E t and X = C&) which is  no t c le a r ly  known.,
whereas th e  values o f z2d do n o t,  th e re fo re  th e  values o f z2d a re
compared w ith  each o th e r . However, t r a n s i t io n  s ta t e  such as (I)
38( i . e .  re te n tio n  o f co n fig u ra tio n ) has been assumed fo r  th is  re a c tio n  in  
o th e r so lv e n ts ; in  th is  case the  m ercu ry -tin  d is ta n c e  i s  taken  as
d k 3.1 X. I t  has been suggested th a t  the  values o f  z2d fo r  re a c tio n  (3)
38 39(R = E t and X = C£) in  so lv en ts  methanol arid a c e to n i t r i le  (Table 5 and see
a lso  Table IQ p . 96) in d ic a te  th a t  th e  reac tio n .' in  th ese  so lv en ts
proceeds through a t r a n s i t io n  s ta te  such as ( I ) ,  in  which s u b s ta n t ia l
se p a ra tio n  o f charge has taken p la c e . The same conclusion  may be d ra m
fo r  th is  re a c tio n  in  so lv en ts  e th y l a c e ta te  o r acetone where th e  values
o f z2d a re  q u ite  h igh . Therefore th e  Sg2(open) mechanism i s  in  fo rce
fo r  re a c tio n  (3) (R = E t and X = C&) in  a l l  th e  so lv en ts  in  Table 5.
However, i t  i s  c le a r  from the values o f z2d th a t  th e  p o la r i ty  o f  the
t r a n s i t io n  s ta t e  becomes le s s  p o la r  when so lv en t i s  changed from methanol to
e th y l a c e ta te . As in  th e  case o f  o th e r  so lv e n ts , t r a n s i t io n  s ta t e  (I)
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i s  a lso  assumed fo r  re a c tio n  (3) (R = E t and X = C£) in  e th y l a c e ta te .
<5+
 ^S11R3
\ )  m
\  «- 
HgX2
Another p iece  o f evidence to  confirm  th a t  th e  t r a n s i t io n  s ta t e  fo r  
re a c tio n  (3) (Table 5) involves se p a ra tio n  o f  charge can be ob ta ined  by 
analogy w ith  th e  sep a ra tio n  o f charge in  th e  so lv o ly s is  o f  a lk y l h a l id e s .
T aft and c o -w o rk e rs '^  have ob tained  z2d -  1.5 X and z = 0 . 8  u n i ts  of
/
charge sep ara ted  a t  a d is ta n ce  o f  2.3 X from a study o f s a l t  e f f e c ts  on 
th e  S^l so lv o ly s is  o f  t -b u ty l  c h lo rid e  in  aqueous so lu tio n . Table 9, 
p . 93, shows th a t  th e  r a te  o f S^l h y d ro ly sis  o f  t -b u ty l  bromide in  aqueous 
acetone in c reases  on a d d itio n  o f in e r t  s a l t s .  The deduced values o f z 2d 
are  in  th e  range 0 .78-0 .82  X. The corresponding z values a re  0 .56-0 .57  
by tak in g  d as 2.5 X.
Comparison o f th e  values o f z2d fo r  th e  S^l so lv o ly s is  o f  th e  a lk y l 
h a lid e s  w ith  those  fo r  re a c tio n  (3) in  Table 5 allow s us to  suggest th a t  
th e  t r a n s i t io n  s ta te  o f  th e  re a c tio n  i s  p o la r ,  even in  so lv en t e th y l 
a c e ta te  w ith  a low d ie le c t r ic  constan t (e 2 5  = 6 ,0 2 ) .
The e f fe c t  o f changing a lk y l group on th e  r a te  o f re a c tio n s  
o f te t r a - a lk y l t in s  by m ercury(II) s a l t s
The r e a c t iv i ty  sequences observed fo r  re a c tio n  (5) (R = Me, E t and 
X = C&, I ,  OAc) in  so lv en ts  e th y l a c e ta te  ( th is  work), m ethanol, t -b u ty l  
a lco h o l, a c e to n i t r i le  and acetone, a l l  fo llow  th e  same o rd e r, i . e .
Me > E t. The r e la t iv e  ra te s  fo r  re a c tio n  (3) (R = Me, E t and X = C&, I ,  
OAc) in  the  above so lv en ts  a re  given in  Table 6 .
TABLE 6
R ela tiv e  r a te s  o f s u b s t i tu t io n  o f  t e t r a - a lk y l t in  
compounds by mercury (I I) s a l t s  a t  25°C
Hga * Hgl 2 Hg(OAc) £
Solvent ■ Ref
Me^Sn Eti*Sn Me4Sn Et^Sn Me^Sn Et^Sn
MeOH 1 0 0 0.215 1 0 0 0.817 1 0 0 0.44 1 1 0
Bu^OH 1 0 0 0 . 1 1 1 1 0 0 0.452 1 0 0 0.92 1 1 0
MeCN 1 0 0 0.663 1 0 0 1.780 39,34136
Me2 C0 1 0 0 0.305 1 0 0 0.634 1 0 0 0.903 116
EtOAc 1 0 0 0.449 1 0 0 1.725 1 0 0 0.715 Thiswork
This o rder o f r e a c t iv i ty  i s  th a t  o f  sequence (1) which i s  c h a r a c te r is t ic  
fo r  re a c tio n s  proceeding through an open t r a n s i t io n  s ta t e .  Furtherm ore, 
th i s  in d ic a te s  th a t  th e  geometry o f th e  t r a n s i t io n  s ta t e  must be 
e s s e n t ia l ly  th e  same in  a l l  th e  so lv en ts  s tu d ie d . In  o th e r  words, th e  
s te reochem istry  o f  th e  re a c tio n s  in  Table 6  i s  th e  same. The p re se n t 
r e s u l t s ,  to g e th e r  w ith  th e  r e s u l ts  o f  k in e t ic  s a l t  e f fe c ts  (see p . 115), 
suggest th a t  mechanism 2 (open) i s  o p era tin g  in  th e  r e la t iv e ly  weak 
p o la r  so lv en t e th y l a c e ta te .
I t  has been su g g e s te d ^  th a t  fo r  a re a c tio n  in  d i f f e r e n t  so lv e n ts , 
th e re  i s  an em pirica l r e la t io n  between th e  r a t io  k(MettS n)/k(E titSn) and 
th e  s a l t  e f f e c t  term z 2 d. I t  i s  o f in te r e s t  to  apply th e  above su ggestion  
using  th e  r e s u l t s  achieved in  th is  work. The r a t io s  o f k(Me4 S n)/k  (E11*Sn) 
in  d if f e r e n t  so lv en ts  fo r  re a c tio n  (3) (R = Me, E t and X = CA) , to g e th e r  
w ith  th e  corresponding values o f z 2 d, a re  given in  Table 7.
TABLE 7
R atios o f k(MeifS n)/k(E tifSn) to g e th e r w ith  th e  corresponding 
va lues o f  z2d fo r  re a c tio n  (3) (R = Me, Et and X = Cft) in  
d i f f e r e n t  so lv en ts  a t  25°G
Solvent Bu^H MeOH Me0H/H20 Me 2 CO EtOAc MeCN
k (Me i+ Sn) /k(Eti* Sn) 
**
900 465 411 328b
*
2 2 2 151
z2d 2.69 2 . 2 2 1.60 1.24 1.29 0.62
a -  From Ref. 34. * This work.
b -  From Ref. 116. ** R ecalcu lated  in  th is  work (from Table 10, p . 96 )
I t  can be seen from Table 7 th a t  th e  r e s u l t s  o f  th i s  work a re  in
accordance w ith  Abraham’s s u g g e s tio n ^  th a t  " th e re  is  some c o r re la t io n  
between th e  r a t io  k(Me4 Sn) /k  (E1 4.Sn) and th e  term z2d . The v a lu es  o f  
z2d in  a l l  th e  so lv en ts  in  Table 5 are  h igh  enough to  suggest th a t  th e  
t r a n s i t io n  s ta te s  in  a l l  th e  so lv en ts  a re  q u ite  p o la r . As d escrib ed  in  
S ection  2, p, 48 , a v a r ie ty  o f e le c tro p h i l ic  p rocesses have been
shown to  involve an e le c tro n  t ra n s f e r  mechanism^ This p rocess  proceeds 
by a tw o-step  mechanism in  which th e  t r a n s f e r  o f  an e le c tro n  from th e  
s u b s tra te  to  the  e le c tro p h ile  c o n s ti tu te s  the  r a te - l im i t in g  r e a c t io n , 
equation  (7) :
R -  M + E+ s l ” >- R -  M? + E. - £agt._ r  _ E + M+ (7)
In  an e le c tro n  t r a n s f e r  process th e  s t e r i c  e f fe c ts  o f  th e  c leaved  a lk y l
group should be absen t; th e  cleaved a lk y l group e f fe c t  would th en  be
in fluenced  p rim arily  by e le c tro n  re le a se  lead ing  to  th e  fo llow ing
t  isequence o f  r e a c t iv i ty  in  th e  cleaved a lk y l group R: Bu > Pr > E t >
60Me. Thus in  the re a c tio n  o f  te t ra -a lk y l- le a d s  w ith  h ex ach lo ro irid a te (IV ) , 
the  d a ta  lead  to  values o f  k (E t-PbE t3)/k(M e-PbEt3) o f 42 ( in  MeCN) and
119
14 ( in  HOAc) and k(Et-PbMe3 )/k(Me-PbMe3) o f 100 ( in  MeCN) and 9 ( in  
HOAc). However, fo r  re a c tio n  (3) (R = Me, E t and X = C&, I) in  so lv en t . 
e th y l a c e ta te  o r o th e r so lv en ts  in  Table 6 , the  r a t io  k(Me-SnMe3) /  
k(E t-SnE t3) , i s  very  high in  a l l  the  cases , o r ,  in  o th e r words , th e  
s te r i c  e f fe c ts  a re  q u ite  markedly pronounced. T herefore , th e  p o s s ib i l i ty  
th a t  re a c tio n  (3) (R = Me, E t and X = C&, I) takes p lace  by an e le c tro n  
t ra n s fe r  i s  r e j  ected  in  a l l  th e  so lv en ts  in  Table 5.
The e f fe c t  o f changing e le c tro p h ile  on the  r a te  o f re a c tio n s  
between te t r a - a lk y l t in s  and m ercury(II) h a lid e s
13 122I t  has been suggested ’ th a t  th e  r e a c t iv i ty  sequence such as ( 8 ) : .
Hg(N03 ) 2 > Hg(OAc) 2 > HgC£ 2 > HgBr2 > Hgl2 > Hgl3“ ( 8 )
fo r  e le c tro p h i l ic  a tta c k  on a given s u b s tra te  in  a given so lv en t may be 
taken  as c h a r a c te r is t ic  o f  re ac tio n s  proceeding by Sg2 (open), whereas i f  
re a c tio n  proceeded by mechanism S^2 ( c y c l ic ) , th e  r e a c t iv i ty  sequence (9) 
would be ob tained:
Hg(Hal) 2 > Hg(0Ac) 2 > Hg(N03) 2 ' (9)
13Ingold and co-workers p o s tu la te d  mechanism S^ 2  (open) fo r  th e  s u b s t i tu t io n s
o f d i-sec-bu ty lm ercury  by mercury (I I) s a l t s  in  e th an o l, using  the  above
31arguments. Jensen and Rickborn have c r i t i c i s e d  th e  use o f r e la t iv e  
r e a c t iv i t i e s  o f m ercury(II) s a l t s  as a b a s is  fo r  th e  deduction  o f  re a c tio n  
mechanism. They p o in t ou t th a t  th e  c y c lic  mechanism could be more 
favoured in  the case o f  th e  e le c tro p h ile  m ercury(II) a c e ta te  than  fo r  the  
e le c tro p h ile s  m ercury(II) h a lid e s , because the  a c e ta te  can r e a c t  v ia  a 
s ix -c e n tre d  c y c lic  t r a n s i t io n  s ta t e ,  whereas th e  h a lid e s  would be fo rced  
to  adopt the  s t e r i c a l ly  le s s  advantageous fo u r-c en tre d  t r a n s i t io n  s ta t e  
fo r  th e  c y c lic  mechanist!!.
R eaction (10) (R = Me, E t, Pr11, P r1  and X = C£, Br) has been s tu d ied
32by Reutov and co-workers ' in  methanol, and in  th e  case o f R = E t, X = C&,
I ,  Br and OAc. in  methanol and dimethylformamide:
R2Hg + HgX2 + 2RHgX (10)
When R = E t, Pr11 and Me, th e  o rder o f r e a c t iv i ty  in  methanol i s  HgC&2 > 
HgBr2 . However, in  the case o f  R = ‘P r 1  th e  rev e rse  o f  th e  sequence i s  
observed. When R = E t, X = C&, Br, I and OAc in  m ethanol, th e  sequence 
o f r e a c t iv i ty  o f  HgX2 agrees w ith  ( 8 ) . In  so lv en t dimethylformamide a t  
20°C, m ercury(II) c h lo rid e  and bromide r e a c t  a t  approxim ately th e  same 
r a te ;  b u t w ith  a r i s e  in  tem perature th e  r e a c t iv i ty  o f  mercury (I  I) bromide 
somewhat exceeds th a t  fo r  th e  c h lo rid e . From th e  e f f e c t  o f  w ater on the  
re a c tio n  o f E t2Hg w ith  HgC&2 in  m ethanol, Reutov concluded th a t  th e  
t r a n s i t io n  s ta t e  o f  the re a c tio n  c a r r ie s  a considerab le  se p a ra tio n  o f  
charge. The same conclusion  was drawn fo r  th e  mechanism o f  o th e r  
d ialkylm ercury compounds (see a lso  p . 35 ) .
The s u b s t i tu t io n s  o f te t r a e th y l  t i n  by mercury (I  I) s a l t s  s tu d ie d  by 
37 38Abraham e t  a l"  ’ in  d if f e r e n t  so lv en ts  provide the  most re le v a n t examples 
fo r  th e  d iscu ss io n  o f th i s  work. R eaction (3) (R = E t and X = C&,I, OAc) 
in  m ethanol, m ethanol-w ater and m ethano l-t-bu tano l m ixtures y ie ld e d  th e  
r e a c t iv i ty  sequence (8 ) .  Mainly on th e  b a s is  o f  p o s it iv e  k in e t ic  s a l t  
e f fe c ts  and co -so lv en t e f f e c ts ,  mechanism 2 (open) was suggested  fo r  th e
re a c tio n  in  th ese  so lv e n ts . Abraham e t  a l  d id  n o t use arguments based on 
the  r e a c t iv i ty  sequence ( 8 ) in  o rder to  decide between mechanisms S^2(open) 
and S g 2 (c y c lic ) . They considered th e  r e a c t iv i ty  sequence procedure as 
unsound. The work on th e  same re a c tio n  in  a c e to n i t r i le  and acetone by 
Hogarth*^ and D a d io u r ^  supports th e  above p ro p o sa ls . The s u b s t i tu t io n s  o f
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t e t r a e th y l t in  by m ercury(II) ch lo rid e  and iod ide  in  a c e to n i t r i l e ° y and 
m ercury(II) c h lo rid e  in  a c e to n e " ^  as in  so lv en ts  methanol*^ and aqueous -
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methanol , were su b jec t to  p o s it iv e  k in e t ic  s a l t  e f fe c ts  and mechanism 
Sg2(open) was assigned  fo r  th ese  s u b s t i tu t io n s .  Yet in  hydroxylic 
so lv en ts  th e  o rd er o f  r e a c t iv i ty  i s  HgC&2 > Hgl2 and in  a c e to n i t r i l e  
o r acetone i t  i s  Hgl2 > HgC&2. In  th e  study o f re a c tio n  (3) ( R -  Me, E t 
and X = C£, I) in  e th y l a c e ta te  ( th is  w ork), th e  r e s u l ts  concerning th e  
r e a c t iv i t i e s  among th e  m ercury(II) s a l t s  a re  as follow s (d e ta i ls  a re  in  
Section  15). When R = E t, as in  th e  case o f  so lv en ts  a c e to n i t r i l e  and 
acetone, m ercury(II) iod ide i s  more re a c tiv e  than  m ercury(II) c h lo r id e , 
i . e .  Hgl2 > HgC&2. However, the s i tu a t io n  i s  reversed  when R = Me, i . e .  
HgC£ 2 > Hgl2. A s im ila r  change has a lso  been observed fo r  re a c tio n  (10) 
as th e  a lk y l group changes, although th e  mechanism remains th e  same (see 
p . 120). The mechanism S^2(open) was p rev io u sly  suggested fo r  re a c tio n  (3) 
(R = Me, E t and X = C&, I) in  e th y l a c e ta te  on the  b a s is  o f k in e t ic  s a l t  
e f f e c ts ,  e tc .  Therefore one can regard  th a t  th e  sequences among th e  
m ercury(II) h a lid e s  are  o f  l i t t l e  value fo r  m echanistic  c r i t e r i a .  
Furtherm ore, th e re  should be a c o r re la t io n  between the r a t io s  o f 
k(HgC£2 ) /k (H g I2) and values o f z 2 d, i f  the  sequence HgC&2 > H gl2 i s  
in d ic a tiv e  o f an ’open’ t r a n s i t io n  s ta t e .  The re lev an t d a ta  a re  g iven 
in  Table 8 .
TABLE 8
R atios o f k(HgC&2 )/k (H g I2) to g e th e r  w ith  th e  values o f  z2d
fo r  reac tio n (3 )(R = Et & X =C£,I) i n d i f f e r e n t  so lv en ts  a t  25°C
Solvent BiA h MeCH EtOAc Me2 C0 MeCN
k(Hga 2 )/k (H gI 2) 3.63c 1.32c 0 .4 2 e 0 .39£ 0 .55g
2 i a z d 2.69b 2 . 2 2 1.29 1.24 0.62
a -  From Table 7. b -  At 30°C« c -  Ref. 38.
e “ This work. f  -  Ref. 116 g _ R e f . -34.
From Table 8 , a t  l e a s t  in  th e  case o f  the a p ro tic  s o lv e n ts , no 
c o r re la t io n  e x is ts  between th e  r a t io s  o f k(HgC£2 )/k (H g I2) and th e  z2d 
v a lu es . Taking a l l  th e  d a ta  in  Table 8 , i t  seems as though th e  o rder o f  
e le c tro p h i l ic  power i s  HgC&2 >; Hgl2 in  a lco h o lic  so lv en ts  and HgC&2 < 
Hgl2 in  a p ro tic  so lv en ts  towards te t r a e th y l  t i n .  However, th e se  o rders 
o f e le c tro p h i l ic  power are  no t u n iv e rsa l ,  s in ce  they  a lso  depend on th e  
s u b s tra te . The d a ta  a re  given in  Table 9 .
TABLE 9
R atios o f  k(HgC&2 )/k (H g I2) fo r  re a c tio n s  o f  d i f f e r e n t  
su b s tra te s  by HgC&2 and Hgl2 in  various so lv en ts  a t  25°G
S u b stra te
Solvent
W'OH MeOH EtOAc Me2 C0 MeCN
Me4Sn 14.78c 5.0C 1 . 6 d 0.816 f1.47
Eti,Sna 3.63 1.32 0.42 0.39 0.55
PhSnEt3b - 4.33 7.23 2.77 -
a -  From Table 8 . b -  See S ection  16. c -  Ref. 110 
d -  This work. e -  Ref. 116. f  -  R efs. 34 and 162.
S u b s titu tio n s  o f t e t r a - a lk y l t in s  by m ercury(II) carboxy la tes
E a r l ie r  in  th i s  s e c tio n , the  s u b s ti tu tio n s  o f t e t r a - a lk y l t in s  
(M e^n and Et^Sn) by m ercury(II) ch lo rid e  and iod ide in  so lv en t e th y l 
a c e ta te ,  were considered . From evidence such as p o s it iv e  k in e t ic  s a l t  
e f f e c ts ,  r e a c t iv i ty  sequences among the  r e a c ta n ts ,  e tc .  i t  was concluded 
th a t  th ese  s u b s ti tu tio n s  in  so lv en t e th y l a c e ta te  proceed through an 
'open* t r a n s i t io n  s ta te  in  which s u b s ta n tia l  s e p a ra tio n  o f charge has
taken p lace . The same mechanism had a lread y  been suggested fo r  th ese
s u b s ti tu tio n s  in  so lv en ts  m ethanol, t -b u ty l  a lco h o l, a c e to n i t r i l e  and
33-39,116 acetone •
The s u b s t i tu t io n s  o f  te t r a - a lk y l t in s  by mercury (I I) a c e t a t e ^  and 
37c h lo rid e  resem ble each o th e r q u ite  markedly in  m ethanol. Hence i t  was
deduced th a t  the  t r a n s i t io n  s ta t e  fo r  th e  m ercury(II) a c e ta te  re a c tio n s
proceeds through an 'open* p o la r  t r a n s i t io n  s ta te  (see a l s o  p . 39 ) .  In
so lv en t t -b u ty l  a lcohol th e  s i tu a t io n  o f  th ese  s u b s t i tu t io n s  invo lv ing
34 •mercury (I I) c h lo rid e  i s  q u ite  c le a r  and th e  mechanism S£ 2 (open) i s  in
fo rc e . However, fo r  the  m ercury(II) a c e ta te  re a c tio n s  in  th i s  so lv e n t,
(a) th e  s t e r i c  e f fe c ts  a re  no t q u ite  as pronounced as fo r  th e  m ercury(II)
ch lo rid e  r e a c t io n s ^ ,  and (b) the  added in e r t  s a l t  (BujNC&OiJ has no 
38observable e f fe c t  on re a c tio n  (11) (R = E t and R* = Me) . Thus th e  
m ercury(II) a c e ta te  re ac tio n s  in  t -b u ty l  alcohol could w ell tak e  p lace
R4Sn + Hg(0C0Rf ) 2 RHgOCOR1 + R3SnOCOR’ (11)
through a t r a n s i t io n  s ta t e  w ith  ra th e r  le s s  se p a ra tio n  o f charge. However, 
although re a c tio n  (11) (R = E t and R* = Me) in  methanol occurs by th e
38Sg2  (open) mechanism, th e  s a l t  e f f e c t  i s  com plicated by anion exchange ^nin
th e  m ercury(II) compound (see a lso  p . 39) . I t  i s  c le a r  th a t  th e  s a l t  e f f e c t
c r i t e r i a  could n o t be used in  th ese  cases fo r  th e  deduction  o f  th e
mechanism o f the re a c tio n s , and another method should be employed. The
su b s ti tu e n t e f fe c t  o f  th e  group R* has been used as a m echan istic  probe
30by Abraham and Dad jo u r  . These workers in v e s tig a te d  th e  re a c tio n s  o f
t e t r a e th y l t in  by m ercury(II) carboxy lates in  methanol more c lo se ly . I t
+was shown th a t  the  species  HgOCOR’ and Hg(OCOR’) 2 were bo th  k in e t ic a l ly  
im portan t, w ith  th e  p ro p o rtio n  o f s u b s t i tu t io n  being about 40% and 60% 
re sp e c tiv e ly . V aria tio n  o f th e  group R’ showed th a t  e le c tro n  a t t r a c t in g  
( - 1 ) s u b s titu e n ts  in creased  th e  value o f th e  r a te  co n stan t and th a t  + 1
s u b s titu e n ts  decreased th e  v a lu e , in  accordance w ith  p rocesses in  which
e le c tro p h i l ic  a t ta c k  o f  th e  m ercury(II) spec ies  was im portan t. They
+suggested th a t  both HgOCOR’ and Hg(OCOR’ ) 2 re ac te d  w ith  t e t r a e th y l t in  
through an ’open' p o la r  t r a n s i t io n  s ta t e ,  s in ce  the  - I  and +1 s u b s ti tu e n t 
e f fe c ts  were th e  same in  th e  two reag en ts  (and very  s im ila r  to  th e  e f fe c ts  
on th e  observed r a te  constan ts) (see a lso  p . 39).
Following th e  above work, in  th e  p re sen t work an in v e s tig a tio n  in to  th e
e f fe c ts  o f  s u b s titu e n ts  in  th e  group R’ on re a c tio n  (11) in  so lv en t e th y l
a c e ta te  has been c a r r ie d  o u t. K inetics  o f re a c tio n  (11) (R=Me,R’=Et) and (R=Et, 
tR1 = E t, Bu , C£CH2 CH2) in  so lv en t e th y l a c e ta te  were follow ed by th e  same
method as described  on p . 225. in  a l l  ca ses , re a c tio n s  follow ed c lean  second-
order k in e t ic s ,  f i r s t - o r d e r  in  each r e a c ta n t .  In  o rder to  p rev en t so lv o ly s is
o f the  m ercury(II) ca rb o x y la te s , sm all q u a n ti t ie s  o f  th e  corresponding carbo-
x y lic  ac id  were added to  th e  re a c ta n t so lu tio n s . For re a c tio n  (11) (R = E t
and R’ = Et) th e  e f f e c t  o f added p rop ion ic  ac id  was examined more f u l ly .  I t
was found th a t  th e re  i s  a monotonic in c rease  in  the  observed r a te  co n s tan t
as th e  co n cen tra tio n  o f th e  ac id  i s  in creased  (see Table 7, p . 246). Abraham 
30and Dadjour found th a t  fo r  re a c tio n  (11) in  m ethanol, a d d itio n  o f th e  
corresponding carboxy lic  ac id  le d  to  an in c rease  in  the  r a te  and then  to  a 
subsequent decrease . I t  was suggested th a t  th e  i n i t i a l  in c rea se  in  th e  
r a te  i s  due to  suppression  o f  so lv o ly s is  o f  th e  mercury (I  I) ca rb o x y la te  and 
the subsequent decrease on ad d itio n  o f more ac id  i s  due to  a so lv e n t e f f e c t .
In  the  case o f so lv en t e th y l a c e ta te  ( th is  w ork), i t  i s  proposed th a t  th e  
monotonic in c rease  i s  due to  a le s s e r  amount o f so lv o ly s is  and a g re a te r  
so lv en t e f f e c t ;  the  added carboxy lic  ac id  a c ts  as a more p o la r  co -so lv en t in  
e th y l a c e ta te ,  whereas i t  w i l l  be a le s s  p o la r  co -so lv en t in  m ethanol. There­
fo re  i t  i s  ap p ro p ria te  to  take  th e  observed r a te  co n stan t a t  low c o n c e n tra tio n  
o f ac id  as th e  c o rre c t value in  e th y l a c e ta te . The k in e t ic  r e s u l t s  fo r  
re a c tio n  (11) (R = E t and Rf = E t, Bu1',  C£CH2 CH2) and (R = Me and R’ = Et) 
are  given in  S ection  15.
Due to  th e  in s o lu b i l i ty  o f  m ercury(II) a c e ta te  in  so lv en t e th y l
a c e ta te , the  r a te  o f  re a c tio n  (11) (R = Me, E t and R1 = Me) could no t be
determ ined experim en tally , b u t i t  was estim ated  as fo llow s. The r a t io s
o f k[Hg(OAc) 2 3/k[Hg(OCOEt) 2] fo r  the  re a c tio n s  between te t r a e th y l t in  and
m ercury(II) a c e ta te  and p rop ionate  in  so lv en ts  a c e to n i t r i le  and acetone
116a t  30°C a re  1.12 and 1.18 re sp e c tiv e ly  • Since th ese  two r a t io s  are  
s im ila r ,  i t  may be assumed th a t  th i s  r a t io  in  e th y l a c e ta te  i s  about th e  
same as in  th e  two so lv e n ts , and probably c lo se r  to  th a t  o f  acetone. 
Using th e  r a t io  1.18 fo r  so lv en t e th y l a c e ta te  and knowing th e  r a te  
constan ts  fo r  Hg(0C0Et)2, th e  r a te s  fo r  Me^Sn and Eti+Sn w ith  Hg(OAc) 2 
were c a lc u la te d . The values a re  given on p . 112. In  Table 10 a re  given 
th e  r e la t iv e  r a te  co n stan ts  w ith  re sp e c t to  m ercury(II) a c e ta te  fo r  the  
s u b s ti tu tio n s  o f t e t r a e th y l t in  by m ercury(II) carboxy la tes in  various 
so lv en ts  includ ing  e th y l a c e ta te .
TABLE 10
R ela tiv e  r a te  co n stan ts  (w ith re sp e c t to  m ercury(II) 
a c e ta te )  fo r  the  s u b s t i tu t io n  o f  t e t r a e th y l t in  by 
m ercury(II) carboxy la tes [Hg(02 CR, ) 2] a t  30°C
Solvent R’ : Bu1 Et Me C£CH2 CH2 Ref
MeOH 0.37 0.73 1 1.25 30
Bu^H 0.15 0.58 • 1 1 . 1 1 116
MeCN 0.98 0.87 1 3.08 116
Me2 C0 0.81 0.85 1 5.35 116
EtOAca 0.63 0.83 1 7.47 This work
a -  At 25°C.
From Table 10, th e  change o f so lv en t from methanol to  e th y l a c e ta te
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the so lv en ts  th e  - I  group in  R’ a c c e le ra te s  the  re a c tio n  and th e  +1 groups 
r e ta rd  i t .  Since th e  general e f f e c t  i s . t h e  same, i t  i s  concluded th a t  in  
methanol, as w ell as o th e r so lv e n ts , t e t r a e th y l t in  fun c tio n s  as su b s tra te  
and m ercury(II) carboxy la tes as e le c t ro p h i le s . Furthermore th e  r e s u l t s  
show th a t  the t r a n s i t io n  s ta t e  fo r  re a c tio n  (11) (R = E t and R’ as in  th e  
Table) in  so lv en t e th y l a c e ta te  or any o th e r so lv en t in  Table 10 i s  open, 
and mechanism 2  (open) i s  suggested fo r  th ese  s u b s t i tu t io n s . S u b s titu e n t 
e f fe c ts  among th e  th re e  a p ro tic  so lv en ts  in c rease  q u a n ti ta t iv e ly  in  th e  sense 
MeCN < MeCOMe < EtOAc. The enhanced e f fe c t  o f th e  su b s ti tu e n ts  can be ex­
p la in ed  as due to  a la rg e r  re a c tio n  param eter in  th e  le s s  p o la r  so lv e n ts .
The r a te  co n stan t fo r  the s u b s t i tu t io n  o f te tre m e th y ltin  by mercury (I  I) 
p rop ionate  in  e th y l a c e ta te  a t  25° i s  given in  Table 12, S ec tio n  15. Com­
paring  th e  r a te  o f  th is  re a c tio n  w ith  the  analogous re a c tio n  o f t e t r a e th y l t i n  
w ith  m ercury(II) p rop ionate  in  the  same so lv en t shows th a t  th e  r e a c t iv i ty  o f 
te tra m e th y ltin  i s  much g re a te r  than  t e t r a e th y l t in .  The same s i tu a t io n  was 
observed fo r  re a c tio n  (3) (R = Me, Et and X = C&, I) . On th e  o th e r  hand, th e  
r a t io  o f  k[Hg(0 C0 Et) 2 ]/k[H g(0 Ac) 2] (0.85) ( th e  r a te  o f Me^Sn, EUSn/HgfOAc) 2 in
e th y l a c e ta te  i s  given on p. 1 1 2 ) fo r  th e  s u b s t i tu t io n  invo lv ing  te tra m e th y l-
/ .
t i n  compares very  w ell w ith  th e  same r a t io  fo r  the  s u b s t i tu t io n  invo lv ing  
t e t r a e th y l t in  (0 .8 3 ) , i . e .  th e  s u b s ti tu e n t e f f e c t  i s  the  same in  bo th  sub­
s t i tu t io n s .  These observations suggest th a t  th e  same mechanism as fo r  
re a c tio n  (11) (R = Et) i s  o p era tin g  fo r  re a c tio n  (11) (R = Me and R' = Me,
Et) in  e th y l a c e ta te .
The p o s s ib i l i ty  o f  re a c tio n  (3) (R = Me, E t and X = C£, I) tak in g  p lace  
by a r a te - l im it in g  e le c tro n  t r a n s f e r  s te p , equation  7, was r e je c te d  (see 
p . 118). In  th e  case o f re a c tio n s  o f  t e t r a - a lk y l t in s  by m ercury(II) carboxy­
la te s  ( I I )  the s t e r i c  e f fe c ts  o f  th e  a lk y l groups a re  markedly pronounced.
This i s  in  c o n tra s t w ith  th e  e le c tro n  t r a n s f e r  phenomenon^ ^  T herefore  a 
sim ple tw o-electron  t r a n s f e r  from th e  t e t r a - a lk y l t in s  to  th e  m ercury(Il) 
ca rb o x y la tes , v ia  SP2(open) mechanism i s  p re fe r re d .
Thennodynamic a c t iv a t io n  param eters fo r  re a c tio n s  o f 
te t r a - a lk y l t in s  b y ln e rcu ry (Il)  haliH es
From a study o f  the  tem perature dependence o f the r a te  co nstan ts  
fo r  re a c tio n  (3) (R = Me, E t and X = C&, I) in  e th y l a c e ta te  (S ection  1 5 ) ,  
th e  thermodynamic a c t iv a t io n  param eters were ob ta ined .
The c a lc u la tio n  o f param eters AG ,^ AH^  and AS  ^ was c a r r ie d  ou t as 
o u tlin e d  in  Section  14: . In  each case a p lo t  o f  log k a g a in s t 1/T 
y ie ld ed  an e x c e lle n t s t r a ig h t  l in e ,  and th e  a c t iv a t io n  energy, Ea , was 
c a lc u la te d  from th e  slope o f th e  s t r a ig h t  l in e ,  using  a le a s t  squares 
procedure. The values o f r a te  co n stan ts  fo r  re a c tio n  (3) used in  th e  
c a lc u la tio n  o f  a c tiv a tio n  energ ies o r e n th a lp ie s  were u n co rrec ted  fo r
so lv en t expansion or c o n tra c tio n . T herefore th e  c a lc u la te d  param eters
1  i
E_ and AH' a re  on the  mole f ra c t io n  s c a le . To c a lc u la te  AG' on th e
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c omole f ra c t io n  sca le  th e  r a te  co n stan t on th e  molar s c a le , k a t  25 C, 
was converted in to  u n its  o f  mole f ra c t io n  s c a le , k , by equation  ( 1 2 ) :
kx = kc x  1000 p/M (12)
where p and M are  th e  d en s ity  and m olecular w eight o f  th e  so lv en t 
re sp e c tiv e ly , th en , u sing  k , th e  f re e  energy o f  a c t iv a t io n  on th e  
mole f ra c t io n  sc a le  was c a lc u la te d  (see p . 235) . When AG^  and AH^  a re  
on th e  mole f ra c t io n  s c a le , then  Asf can a lso  be c a lc u la te d  on th e  
same sc a le . AHX^ , AG^ and ASX^  denote param eters on th e  mole f ra c t io n  
s c a le .
The a c tiv a tio n  param eters fo r  re a c tio n  (3) (R = Me o r E t and X = C&
o r I) in  so lv en ts  m ethanol, t -b u ty l  a lco h o l, a c e to n i t r i l e  and acetone on
th e  molar sc a le  were known. These r e s u l ts  may be compared w ith  those
o f th is  work in  so lv en t e th y l a c e ta te  i f  they a re  converted in to  u n its
x fon th e  mole f ra c t io n  s c a le  as fo llow s. AH ' was c a lc u la te d  from
equation (13):
v± ri  2.3026 RT1T2 T T
AH T = AH T + ---------------------log  pi2 /p  1 (13)
T 2 -  T i
where AH5^  and AHC^  a re  the  e n th a lp ie s  o f  a c t iv a t io n  on th e  mole f ra c t io n
T Tand m olar sc a le  re sp e c tiv e ly , p 1 and p 2 a re  th e  d e n s it ie s  o f th e  so lv en t 
a t  Ti and T2 r e sp e c tiv e ly . The param eters AG^ and ASX^  fo r  each so lv en t 
were ob tained  as described  fo r  so lv en t e th y l a c e ta te .
The d if fe re n c e , in  so lv en ts  1 and 2, in  the  f re e  energy o f 
a c t iv a t io n  o f th e  re a c tio n  can be expressed as fo llow s, equation  (14):
SAG** = AGff -  AGff = RTLnkf/kf (14)
where kx and kx are  the  mole f ra c t io n  re a c tio n  r a te  constan ts  in  so lv en ts  
1  and 2 .
Values o f  AAH^ and <SASX^  in  so lv en ts  1 and 2 can be c a lc u la te d  
from equations (15) and (16) re sp e c tiv e ly :
6 AHX^  = AHX^  - AHX^  (15)
6 ASxt  = ASxf  -  AS?^ (16)
The r e s u l ts  o f  th i s  work in  e th y l a c e ta te  to g e th e r w ith  corresponding 
values in  o th e r so lv en ts  a re  given in  Tables 11 to  14. In  Tables 11 and
13 the re fe ren ce  so lv en t (so lv en t 1) i s  methanol and in  Tables 12 and 14
th e  re fe ren ce  so lv en t (so lv en t 1 ) i s  a c e to n i t r i l e .
TABLE 11
A c tiv a tio n  param eters (on the  mole f ra c t io n  sca le ) fo r  
th e  re a c tio n  o f  Et^Sn w ith  IlgX2 in  various so lven ts  
a t  298 K. A (ft and AHXT in  K ca l mol 1 % ASX‘ in  ca l deg~1mol~ 1
E t4 Sn/HgCL2
AG** AHX+ ASX+ SAG** SHX* SAS^
MeOH 18.94 14.10 -16.1 0 0 0 33
Bu^OH 21.43 9.98 -38.4 2.49 -4 .12 -22 .3 38
MeCN 18.07 11.05 -23 .5 -0 .87 -3 .05 - 7.4 39
Me 2 CO 19.63 1 2 . 2 0 -24.9 +0.69 -1 .90 -  8 . 8 116
EtOAc 21.55 12.33 -30.9 +2.61 -1.77 -14 .8 This
work
Solvent
• Eti,SnAlgl2
- Refa
AGj*+ AHX* AS** SAG** 6AHx t 6ASx t
MeOH 19.10 12.80 - 2 1 . 2 (■o ( . 0 0 39
Bu^H 2 2 . 2 0 - - 3.10 - 38
MeCN 17.71 9.95 -2 6 .0 -1 .39 -2 .85 -  4 .8 59
Me2 C0 19.07 - - -0 .03 - - 116
EtOAc 21.04 9.85 -37 .6 +1.94 -2 .95 -16.4 This
work
a -  O rig in a l values from re fe ren ces  a re  on the  molar s c a le .
TABLE 12
Values of (SAG*^ , <SAHX^ (K cal mol 1) and 6ASX^
- i  - i -
...” ... r.:r. v
t r a n s f e r  from MeCN to  Me2 C0 and EtOAc a t  2 9 8  K
(on th e  mole f ra c t io n  sca le )
Solvent
EUSn/HgC£ 2
S ic f t 6 AHx t 6 ASXt
MeCN 0 0 0
Me2 C0 1 . 5 6 1 . 1 5 - 1 . 4
EtOAc. 3 . 4 8 1 . 2 8 - 7 . 4
Solvent
EtifSn/HgI2
SAG5^ 6 AHX+ 6 AGX+
MeCN 0 0 0
Me2 C0 1 . 3 5 - -
EtOAc 3 . 3 3 - 0 . 1 0 •1 1 . 6
Param eters AG^, AHX^  and ASX^  taken  from Table 11.
TABLE 13
A c tiv a tio n  param eters (on the  mole f ra c t io n  sca le ) fo r  the  
re a c tio n  o f Me^Sn w ith  H gX 2 (X  = C& or I) in  various 
so lv en ts  a t  298 K , AG**. AHx t  (K  c a l m ol"1) and ASx t  
(c a l deg 1 mol *)
Solvent
Met, Sn/HgC£ 2
Ref3"
AG^ AHX+ ASX* SACft SAHX+ 6 ASX*
MeOH 15.36 11.07 -14 .4 0 0 0 Thisb
work
But 0H 17.40 - - 2.04 - - 34
MeCN 15.10 7.75 -24 .6 -0 .26 -3 .32 - 1 0 . 2 34
Me2 C0 16.20 8.51 -25.8 0.84 -2 .56 -11.4 116°
EtOAc 18.34 8.31 -33 .6 2.98 -2 .76 -19 .2 This
work
Solvent
Me^Sn/Hgla
Ref
ACft AHX* ASX* 6 AGX* SAHX^ 6 ASxf
MeOH 16.25 10.80 -18 .2 0 0 0 1 2 0
But (Xi 19.00 - - 2.75 - - 1 1 0
MeCN 15.33 9.35 - 2 0 . 1 -0 .92 -1 .45 -  1.9 162
Me 2 CO 16.20 - - -0 .05 - - 116
EtOAc 18.63 6.78 -39.7 2.38 -4 .02 -21 .5 This
work
a -. O rig in a l values from re fe ren ces  a re  on th e  molar s c a le , 
b -  From Table 2, p . 103. 
c -  R ecalcu la ted  v a lu es .
TABLE 14
Values of SAG^, 6Z^ Hxt (k cal mol *) and 6ASxt
(c a l deg 1mol~1) fo r  th e  re a c tio n  o f Me^Sn w ith  HgX2 fo r
t r a n s f e r from MeCN to Me2 C0 and EtOAc a t 298 K
(on th e  mole f ra c t io n  sca le)
Mei+Sn/HgC£ 2
Solvent
6 A(?+ SAH^ 6 ASX^
MeCN 0 0 0
Me 2 CO 1 . 1 0 0.76 - 1 . 2
EtOAc 3.24 0.56 -9 .0
Mei*Sn/HgI2
Solvent
SAG3^ . 6 AHX^ 6 ASX^
MeCN 0 0 0
Me2 C0 0.87 - -
EtOAc 3.30 -2 .57 -19 .6
Param eters AGXt ,AI1Xt and ASX^  taken  from Table 13.
I t  has been e s ta b lish e d  th a t  re a c tio n  (3) (R = Me. E t and X = C£.
I) in  so lv en ts  given in  the  ta b le s  proceeds by the Sg2(open) mechanism 
o f e le c tro p h i l ic  s u b s t i tu t io n  a t  sa tu ra te d  ca rb o n .(see  p p . l l3 - l lS ) .
From Tables 11-14 th e  f re e  energy change in creases  s te a d ily  with, 
decreasing  p o la r i ty  o f  th e  so lv en t as expected. For example, fo r  
re a c tio n  (3) (R = E t, X = C&) , Table 11, on going from so lv en t methanol
(e 2 5  = 32.6) to  so lv en t e th y l a c e ta te  (e 2 5  = 6 .0 2 ), th e  in c rease  i s
— i l a2.61 K c a l mol-  . According to  th e  Hughes and Ingold  theory  ? a decrease
in  so lv en t d ie le c t r ic  co n stan t fo r  a re a c tio n  in  which le s s  p o la r  
re a c ta n ts  proceed to  a more p o la r  t r a n s i t io n  s ta te  should lead  to  an 
in c rease  in  th e  f re e  energy o f  a c tiv a tio n .
The e le c t r o s ta t i c  c o n tr ib u tio n  to  AG° fo r  an io n iz a tio n  p ro cess ,
123aaccording to  F ro st and P earson’s c a lc u la tio n s  , in c reases  as th e  d ie le c t r i c  
constan t o f  th e  medium decreases, and th i s  in c rease  in  AG° would be due to  
a red u c tio n  in  AH0  coun teracted  by a very  la rg e  red u c tio n  in  AS0 .
T herefore , th e  r e s u l ts  in  Tables 11-14 agree w ith  a p o la r  t r a n s i t io n  s t a t e  
a lread y  suggested.
i
Considering re a c tio n s  in  Tables 11 and 13, th e  values o f  5AGX^  in  
each case a re  in creased  more o r le s s  th e  same as fo r  re a c tio n  (3)
(R = Et and X = C&) when so lv en t methanol i s  rep laced  by e th y l a c e ta te .  
Furtherm ore, th e  f re e  energ ies and en th a lp ie s  o f  a c t iv a t io n  fo r  re a c tio n  
(3) l i s t e d  in  Tables 11 and 13 vary  q u ite  re g u la r ly  w ith  th e  n a tu re  o f  
th e  a lk y l group in  t e t r a - a lk y l t in s .  In  each so lv en t used AG** and AHX^  
in c rease  m  value along the  s e r ie s  i RitSn — EtuSn > Mei+Sn. Hence 
in te ra c tio n s  involv ing  the a lk y l group, R, must bs q u ite  s im ila r  in  each 
o f th e  so lv e n ts . The above conclusions may a lso  be reached i f  so lv en t 
a c e to n i t r i le  i s  taken  as the  re fe ren ce  so lv en t (Tables 12 and 14) . I t  
may be argued th a t  th e  in c rease  in  th e  value o f  AGX^  fo r  re a c tio n  (3)
1 0 4
(R = Me, Et and X = C&, I) as methanol i s  rep laced  by e th y l a c e ta te  does 
no t preclude the  p o s s ib i l i ty  o f a gradual change towards th e  c y c lic  
t r a n s i t io n  s ta t e .  E ffe c t o f  added s a l t  ( p .113) suggests th a t  the  
[EtitSn/HgCila]^ t r a n s i t io n  s ta t e  in  e th y l a c e ta te  i s  j u s t  as p o la r  as in  
acetone (see Table 5 fo r  th e  values o f  z 2 d ) .
xl=The values o f AS 1 change fo r  each re a c tio n , and tend to  become
more negative  as th e  p o la r i ty  o f  the  so iv en t decreases. I t  might be
x+thought th a t  th e  high  n eg a tiv e  value o f 6 AS T fo r  re a c tio n  (3) (R = Me,
Et and X = C&, I) on p assing  from so lv en t methanol o r a c e to n i t r i l e  to  
so lv en t e th y l a c e ta te  could  be due to  a change in  th e  mechanism o f
. ,124s u b s t i tu t io n  from S^2(open) to  S ^ 2 (c y c lic ) . Indeed, i t  has been suggested
th a t  the  observation  o f  a high negative  a c tiv a tio n  entropy ( i . e .  o f  th e
— i  — i  *order o f  -20 to  -40 c a l deg mol ) i s  in d ic a tiv e  o f a c y c lic  t r a n s i t io n
s ta t e  fo r  a re a c tio n  between two n e u tra l m olecules. However, se v e ra l
examples o f  b im olecu lar e le c tro p h i l ic  s u b s t i tu t io n  re a c tio n  may be found
in  the  l i t e r a tu r e  which proceed e i th e r  through an o p e n ^ ’^ ' ^ o r  a c y c l i c ^ ’
t r a n s i t io n  s ta t e ,  b u t have la rg e  negative  values o f AS' (-25 to  -42 c a l 
•" 1 “ 1 ^deg mol/ ) .  Furtherm ore, in  S^2 re a c tio n s  o f  th e  Menschutkin type in  
which two n e u tra l molecules form an open t r a n s i t io n  s t a t e ,  a h igh  n eg a tiv e  
a c tiv a tio n  entropy o f te n  a r i s e s ^ ^ ( - 2 5  to  -42 c a l deg~1mol’"1)* (se e  a lso  
Table 15) . Therefore i t  i s  c le a r  th a t  the  observ atio n  o f  a h igh  n eg a tiv e  
entropy o f a c tiv a tio n  by i t s e l f  cannot be used to  d is t in g u is h  between 
mechanisms S^2 (open) and S^2 (cy c lic ) fo r  th e  case in  which both  re a c ta n ts  
a re  uncharged.
x±
On th e  o th e r hand, w hile th e  values o f AS T decrease , the  va lues of
x iAH T do not change ra p id ly  from so lv en t a c e to n i t r i le  to  so lv en t e th y l
* 1  .
The s tandard  s ta t e  for AS! i s  one mole per l i t e r .
l o b
a c e ta te  (Tables 12 and 14). I t  appears th a t  th e  a c t iv a t io n  enthalpy
does depend on th e  type o f th e  re a c tio n  and no t on th e  so lv en t (except fo r
methanol) . Hie exception  i s  th e  re a c tio n  o f Mei+Sn by Hgl2 where the  
Xi
red u c tio n  in  AH 1 from so lv en t a c e to n i t r i le  to  e th y l a c e ta te  i s  r a th e r  
la rg e  compared w ith  o th e r  cases; th i s  red u c tio n , however, i s  coun ter­
balanced by a very  la rg e  negative  a c t iv a tio n  entropy. The above s i tu a t io n  
may be compared w ith  a re a c tio n  involv ing  th e  form ation o f  p o la r  species  
from n e u tra l m olecules in  a v a r ie ty  o f so lv e n ts . The d a ta  i s  c o lle c te d  
in  Table 15, where i t  can be seen th a t  except fo r  methanol th e  values o f 
AH 1 remain alm ost th e  same w ith  th e  change o f so lv en t w hile th e  values 
o f  AS 1 become more negative  as th e  so lv en ts  become le s s  p o la r .  Therefore 
one may conclude th a t  th e  t r a n s i t io n  s ta te  fo r  re a c tio n  (3) (R = Me, Et 
and X = C£, I) i s  p o la r  in  a l l  th e  so lv en ts  s tu d ied  (Tables 11-14).
TABLE 15
A ctiv a tio n  en th a lp ie s  and en tro p ie s  o f  a c t iv a t io n  fo r  th e  
Menschutkin re a c tio n  (on th e  mole f ra c t io n  sca le ) - ^ 6
R eactant Solvent
AHX+
(K c a l mol” 1)
AS3^
(c a l deg"*1mol""1)
( MeOH 18.7 -14 .2
E t3N + E tI
( MeCN
c
11.9 -29.4
( Me2 C0 
(
11.3 -34 .6
V
( EtOAc 11.4 -39 .0
XTThe values o f AS 1 fo r  re a c ta n ts  o f  te t r a - a lk y l t in s  w ith  
mercury (I  I) ch lo rid e  a re  le s s  negative  than w ith  Hgl2 in  so lv en t e th y l 
a c e ta te  and in  the  o ther so lv en ts  in  Tables 11-14. I t  i s  suggested  
th a t  in  so lu tio n  HgC£ 2 i s  more so lv a ted  than Hgl 2 and hence i s  n e a re r  to
1 T m  T4 r±r\ T“ -v'* o  ^  4  - f - i  r f o  +  A
e i i C  -e* v c i  t v u  t i  c t n o  -i- •
I n i t i a l  s t a t e  and t r a n s i t io n  s ta t e  so lv en t e f fe c ts
The e f fe c ts  o f  so lv en ts  on th e  r a te  co nstan ts  fo r  a number o f
re a c tio n s  involv ing  n e u tra l m olecules have been d is se c te d  in to  i n i t i a l -
and t r a n s i t io n - s ta te  c o n tr ib u tio n s . For in s ta n c e , the a c c e le ra tin g
e f fe c t  o f  w ater on the  r a te  o f  th e  re a c tio n  between te t r a - a lk y l t in s  and
mercury (I I) ch lo rid e  in  so lv en t methanol has been shown to  be due to  the
108in c rease  in  th e  f re e  energy o f  th e  re a c ta n ts  (see pp. 85-87),
whereas th e  re ta rd in g  e f fe c t  o f  t -b u ty l  a lcoho l on th e  r a te  o f re a c tio n
o f  t e t r a e th y l t in  by IIgX2 (X = C&, I ,  OAc) in  so lv en t methanol i s  due
103la rg e ly  to  an in crease  in  the  f re e  energy o f the  t r a n s i t io n  s ta t e  (see  
p p .87 and 8 8  ) .  Therefore th e  in flu en ce  o f  so lv en t e th y l a c e ta te  on 
th e  values o f  AG* fo r  re a c tio n  (3) could a lso  be due to  th e  i n i t i a l - s t a t e ,  
t r a n s i t io n - s ta te  or a com bination o f  i n i t i a l  and t r a n s i t io n  s t a t e  so lv en t 
e f f e c ts .  Hence more in form ation  might be gained i f  th e  e f f e c t  o f  so lv e n t 
e th y l a c e ta te  was d is se c te d  in to  i n i t i a l - s t a t e  and t r a n s i t io n - s t a t e  
co n tr ib u tio n s  (see S ection  4 fo r  d e ta i l s  o f  d iscu ss io n  o f th e  m ethod).
The so lv en t e f fe c t  on AG* values (Tables 11-14) were d is s e c te d  in to  
i n i t i a l -  and t r a n s i t io n - s t a t e  c o n tr ib u tio n s  through equation  (17) :
AG°(Tr) = AG°(R„Sn) + AG°(HgX2) + 6 AG* (17)
where AG°(X) denotes the  s tandard  f re e  energy o f  t r a n s f e r  from th e  •
re fe ren ce  so lv en t (MeCN o r MeOH) to  any o th e r  so lv en t o f  sp ec ies  X, and
Tr re p re se n ts  the  t r a n s i t io n  s ta t e  in  the re a c tio n . Values o f  AG°(Ri*Sn)
from so lv en t methanol or a c e to n i t r i le  to  various so lv en ts  were determ ined
136through th e  H enry 's law co n stan ts  by Abraham"' from equation  (18):
AG° = RTLn(H°/H°) - (18)
where I-l2 and H° a re  the  Henry1s law co n s tan ts  o f  a given s o lu te  in
so lv en ts  2 and 1 re sp e c tiv e ly . The values o f  AG°(Ri*Sn) a re  given in  
Tables 16-19. The values o f AG°(HgX2) were determ ined through s o lu b i l i ty  
measurements (see S ections 8  and 17), and are  given in  the  ta b le s .  The 
term AG** i s  as defined  b e fo re , and th e  values are  in  Tables 16-19. I t  
i s  now p o ss ib le  to  c a lc u la te  th e  values o f AG°(Tr) u sing  equation  (17). 
The r e s u l ts  on the  mole f ra c t io n  sc a le  fo r  re a c tio n  (3) (R = Me, E t and 
X = CL, I)  a re  given in  Tables 16 and .18 where methanol i s  taken  as th e  
re fe ren ce  so lv e n t, and in  Tables 17 and 19 where a c e to n i t r i l e  i s  th e  
re fe ren ce  so lv en t.
TABLE 1 6
Free energ ies o f t r a n s f e r  (on th e  mole f ra c t io n  sca le ) 
from MeOH to  v arious so lv en ts  o f EttfSn, HgX2 and 
_  [EtiSn/HgXzJ* (K ca l m oT 1) a t  298 K
SAG***
<
S olvent
EtuSn^ HgC£2c Tr
MeOH 0 0 0 0
Bu^OH 2.50 -1 .56 1.46 2.40
MeCN -0.87 0.18 0.24 -0 .45
Me2 C0 0.69 -0 .93 -0 .15 -0 .39
EtOAc 2.61 -1 .54 0.40 1.47
<
Solvent
E t4 Snb H gl2d Tr
MeOH 0 0 0 0
Buc0H 3.10 -1 .56 1 . 2 1 2.75
MeCN -1.39 0.18 1 . 2 0 - 0 . 0 1
Me 2 CO -0.04 -0 .93 0.18 -0.79
EtOAc 1.94 -3.54 0.28 0 , 6 8
a -  Taken from Table 11. b - From Table 6  , p . 167.
c -  From Table 2 9 p . 164. d -  From Table 3 , p . 165.
TABLE 17
Free energies of transfer (on the mole fraction scale)
from MeCN to  various so lv en ts  o f  Et^Sn, HgX2 and 
[Et„Sn/HgX2] T (K c a l m ol"1) a t  298 Ka
Solvent SAG**
AG°
Et^Sn HgC£ 2 Tr
MeCN 0 0 0 0
Me2 C0 1.56 - 1 . 1 1 -0 .39 0.06
EtOAc 3.48 -1 .72 0.16 1.92
AG?
Solvent
t
Ett*Sn Hgl2 Tr
MeCN 0 0 0 0
Me 2 CO 1.35 - 1 . 1 1 - 1 . 0 2 -0 .78
EtOAc 3.33 -1 .72 -0 .92 . 0.69
a -  Deduced from Table 1 6 .
TABLE 18
Free energies of transfer (on the mole fraction scale)
from MeOH to  various so lv en ts  o f  Mei»Sn, HgX2 and 
[Me„Sn/HgX2]'’r (K c a l mol-1 ) a t  298 K
Solvent 6 AGKt a
AG°
Me^Sn3 HgC£2C Tr
MeOH O 0 o 0
But OH 2.04 - 1.46 -
MeCN -0.26 -0.08 0 .2 4 - 0 . 1 0
Me 2 CO 0.84 -0 .80 -0 .15 - 0 . 1 1
EtOAc 2.98 -1.23 0.40 2.15
Solvent SAG^
A/ - 0
AGt
Me.,Snb Hgl2d Tr
MeOH 0 0 0 0
Bi/OH 2.75 - 1 . 2 1
MeCN -0 .92 -0 .08 1 . 2 0 0 . 2 0
Me 2 CO -0 .05 -0 .80 0.18 -0 .67
EtOAc 2.38 -1 .23 0.28 1.43
a -  From Table 13. b - From Table 6 , p .167.
c -  From Table 2, p .164. d - From Table 3 , p .165.
1 H U
TABLE 19
Free energ ies o f t r a n s f e r  (on th e  mole f ra c t io n  sca le) 
from MeCN to  various so lv en ts  o f  Me^Sn, HgX2 and 
[Me„Sn/HgX2]T (K c a l mol-1) a t  298 Ka
Solvent SAG**'
AG°
Me^Sn HgC&2 Tr
MeCN 0 0 0 0
Me2CQ 1 . 1 0 -0 .72 -0 .39 - 0 . 0 1
EtOAc 3.24 -1 .15 0.16 2.25
Solvent SAG2^
AG°
Mei*Sn Hgl2 Tr
MeCN ' 0 0 0 0
Me2C0 0.87 -0.72 - 1 . 0 2 -0 .87
EtOAc 3.30 -1 .15 -0.92 1.23
a -  Deduced from Table 1 8 .
I t  can be seen from Tables 16 and 18, where methanol i s  taken  as 
th e  re fe ren ce  so lv e n t, th a t  the  in c rease  in  values o f AG** as methanol 
i s  rep laced  by e th y l a c e ta te  i s  due both  to  t r a n s i t io n  s ta t e  and i n i t i a l  
s ta t e  e f f e c ts .  However, th e  major so lv en t e f f e c t  i s  on th e  t r a n s i t io n  
s ta t e .  Although bo th  AG°(RitSn) and AG^(HgXo) vary  when so lv en t methanol 
i s  rep laced  by so lv en t e th y l a c e ta te ,  they do so in  d i f f e r e n t  d ire c t io n s .  
Hence th e  n e t so lv en t e f fe c t  on the  re a c ta n ts  i s  r a th e r  sm all in  
comparison w ith  th e  t r a n s i t io n  s ta t e .  Considering Tables 17 and 19, 
where a c e to n i t r i l e  i s  taken  as th e  re fe ren ce  so lv e n t, th e  v a r ia t io n  o f 
AG*+ on passing  from a c e to n i t r i le  to  e th y l a c e ta te  i s  again  due bo th  to  
i n i t i a l  s ta t e  and t r a n s i t io n  s ta t e  e f f e c ts .
S im ila r r e s u l ts  have been ob tained  fo r  S^l re a c tio n s  o f  t -b u ty l
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h a lid e s  in  various pure a lco h o lic  so lv en ts  by Abraham and fo r  re a c tio n  (3)
(R = E t and X = C&, I and OAc) in  t -b u ty l  alcohol-m ethanol m ixtures by
103Abraham and D o rre ll (see p . 87 ) whereas fo r  re a c tio n  (3) (R = E t and 
X = C£) in  m ethanol-w ater m ixtures i t  was found th a t  only  th e  i n i t i a l
s ta te  i s  im p o rta n t" ^  (see pp. 85 -  87 ) . The values o f AG°(Tr) in
Tables 16-19 w il l  y ie ld  more in fo im ation  about th e  n a tu re  o f th e  
t r a n s i t io n  s ta t e  i f  these  values were compared w ith  th e  AG° va lues o f  
various so lu te s  o f  th e  same s iz e .  A method o f tak in g  th e  ’s iz e  e f f e c t ’
in to  account i s  to  use equation  (19):
AG°(Tr) = AG° + AG° (19)
where AG° and AG° are  th e  n o n e le c tro s ta tic  and e le c t r o s ta t i c  c o n tr ib u tio n s
II v
to  AG°(Tr) . Such an an a ly s is  lias been c a r r ie d  ou t by Abraham and Johnston-*-^ 
(see S ection  4 , p . 90 ) .  The values o f AG° o f a number o f non-po lar non­
e le c tro ly te s  (AG° = AG°) fo r  t r a n s fe r  from a c e to n i t r i le  to  acetone to  
e th y l a c e ta te  are  known (Table 20).
TABLE 20
Values o f AG° (ca l mol *) o f  some n o n e lec tro ly te s  fo r  
t r a n s f e r  from MeCN to  Me2 C0 and EtOAc a t  298 K 
(on th e  mole f ra c t io n  sca le )
N o nelectro ly te
V '
(mil mol *)
<
MeCN Me 2 CO EtOAc
E t la 81 0 -  420 -  650
Toluene0 107 0 -  458 -  744
Me^Sn3 139 0 -  730 -1230
Qn-octane 164 0 -  994 -1507
Et„Snb 199 0 - 1 1 1 0 -1540
a -  From Ref. 128* 
b - From Ref. 136. 
c -  From Ref. 129
The values o f  AG° were p lo t te d  ag a in s t th e  corresponding va lues o f  
molar volume (V) (Table 20) and a s t r a ig h t  l in e  was drawn through th e  
p o in ts . The molar volumes o f spec ies  [Me^Sn/HgCi^], [Et^Sn/HgCJla] and 
[Me4N+I ] are  k n o w n ^  and using  the  above p lo t  (no t shown) th e i r  
approximate values o f  AG° were ob ta ined . Since th e  values o f  AG°(Tr) o f 
th ese  spec ies  fo r  t r a n s f e r  from a c e to n i t r i le  to  acetone and e th y l a c e ta te  
a re  known, the  values o f  AG° could be c a lc u la te d . The r e s u l t s  a re  g iven  in  
Table 21 (p .143).
I t  can be seen from Table 21 th a t  th e  r e s u l t s  fo r  the io n  p a i r  
Me^N^I resemble those fo r  th e  [Me4 Sn/HgC£2]^ and [E t4 Sn/HgCJl2 ]^ 
t r a n s i t io n  s ta te s ,  and confirm  the  previous suggestion  th a t  th e se  
t r a n s i t io n  s ta te s  a re  q u ite  p o la r .
JL t^O
TABLE 21
The va lues o f  AG°(Tr), AG° (K c a l mol (on th e  mole 
f r a c t io n  sca le ) and AG^  fo r  t r a n s f e r  o f  th e  fo llow ing 
species  from MeCN to  Me2CQ to  EtOAc
[Me^Sn/HgC«.2] L
Solvent
V
.....b'............-
AG° AG°n AG°e
MezCO 2 2 1 - 0 . 0 1 -1 .26 1.25
EtOAc 2 2 1 2.25 -1.72 3.97
[EUSn/HgCW^
O U X  v v /iiL
V oaAG? AG° AG°t n e
Me 2 CO 281 0.06 -1 .62 1 . 6 8
EtOAc 281 1.92 -2 .25 4.17
[Me^N+I~]
Solvent
V AG? AG° AG°t n e
Me 2 CO 125 1 . 2 - 0 . 6 8 1 . 8 8
EtOAc 125 3.7 - 1 . 0 0 4.7
a  -  From Table 17, p .138.
b -  From Table 19, p . 140.
c -  From Ref. 136.
The e f fe c t  o f  changing so lv en t from methanol o r a c e to n i t r i l e  to
x l
e th y l a c e ta te  on th e  va lues o f  AH 1 fo r  re a c tio n  (3) (R = Me, E t and 
X = C&, I) can a lso  be d isse c te d  in to  i n i t i a l  s ta te  and t r a n s i t io n  
s ta te  c o n tr ib u tio n s . The re le v a n t equation  (20) i s  as fo llow s (see 
a lso  p . 83 fo r  d e t a i l s ) :
AH°(Tr) = AH°(Ri,Sn) + AH°(HgX2) + SAHXT (20)
where AH°(X) r e fe r s  to  th e  s tandard  en thalpy  o f  t r a n s f e r  from the  
re fe ren ce  so lv en t (MeOH o r MeCN) to  another so lv en t o f  sp ec ies  X, and 
Tr i s  as defined  p rev io u s ly . Values o f  AH°(R4 Sn) and AH°(HgC£2) were 
determ ined c a lo r im e tr ic a lly  by Dr Abraham. Values o f AH°(HgI2) were 
ob tained  through s o lu b i l i ty  measurements (see S ections 8  and 17) . 
D e ta ils  a re  given in  Tables 22-25.
The change in  6 AH T values fo r  t r a n s f e r  from methanol o r a ce to ­
n i t r i l e  to  e th y l a c e ta te  i s  seen to  be due bo th  to  i n i t i a l  s t a t e  and 
t r a n s i t io n  s ta te  e f f e c ts .  In  a l l  cases th e  change o f so lv en t from 
methanol (or MeCN) to  e th y l a c e ta te  gives r i s e  to  a decrease in  AH° 
values corresponding to  s ta b i l i z a t io n  o f  th e  t r a n s i t io n  s t a t e  in  e th y l 
a c e ta te . As in  th e  case o f  AG°(Tr), the  AH°(Tr) values a lso  do n o t, 
in  them selves, y ie ld  much in form ation  about th e  n a tu re  o f  th e  
t r a n s i t io n  s ta t e .  However, they  can be compared w ith  values fo r  
various model so lu te s  o f about th e  same s iz e  and shape as th e  
t r a n s i t io n  s ta t e s .  Since a p o la r  t r a n s i t io n  s ta te  was suggested  fo r  
the  re a c tio n s  in  Tables 22 to  25, ion  p a irs  o f  th e  same s iz e  and 
shape would be good models fo r  such com parisons. However, such d a ta  
a re  no t a v a ila b le  a t  th e  p resen t tim e.
TABLE 22
Enthalpies of transfer (on the mole fraction scale)
from MeOH to  various so lv en ts  o f  Et^Sn, HgX2 and 
fEtVsn/HgXz]^ (K c a l mol"1) a t  298 K
Solvent SAHxt a
<
EtttSn^ HgCS,2c Tr
MeOH 0 0 0 0
Bi/OH -4.12 -0.39 ' 6.03 1.52
MeCN -3.05 1.01 1.67 -0 .37
Me2C0 -1 .90 0.58 0 .30 -1 .02
EtOAc -1.77 -0 .01 1.05 -0 .73
AH°
Solvent 6AHxt
t
EtijSn^ Hgl2d Tr
MeOH 0 0 0 0
Bi^OH -0.39 - -
MeCN -2.85 1.01 4.50 2.66
Me 2 CO - 0.58 3.35 -
EtOAc -2.95 -0 .01 2.60 -0 .36
a -  From Table 11, p .129. b -  From Ref. 136.
c -  From Table 2, p .164. d -  From Table 3, p . 165.
TABLE 23
Enthalpies of transfer (on the mole fraction scale)
from MeCN to  various so lv en ts  o f  E u S n , HgX?_ and 
[Et»Sn/HgX23T CK ca l mol-1 ) a t  298 Ka
Solvent 6AHXt
AH°t
,
Et^Sn HgC&2 Tr
MeCN 0 0 0 0
Me 2 CO 1.15 -0 .43 -1 .37 -0 .65
EtOAc 1.28 -1 .02 -0 .62 -0 .36
Solvent 6AHXt
K
Eti*Sn Hgl2 Tr
MeCN 0 0 0 0
Me 2 CO - -0 .43 -1 .15 -
EtOAc -0 .1 0 -1.02 -1 .9 0 -3 .02
a - Deduced from Table 22.
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TABLE 24
E nthalp ies o f t r a n s f e r  (on the  mole f ra c t io n  sca le) 
from MeCH to  various so lv en ts  o f  Met+Sn, HgX2 and 
[Me„Sn/HpX2] ' (K c a l mol-1 ) a t  298 K
Solvent x=l=aSAHXf
AH°
MeifSn^ HgCL2C Tr
MeOH 0 0 0 ' 0
Bu^OH - - 6.03 -
MeCN -3.32 0.85 1.67 -0 .8 0
Me2C0 -2.56 0.73 0.30 -1 .53
EtOAc -2 .76 0.36 1.05 -1 .35
Solvent x fa6AHxt
<
jfe„Snb Hgl2d Tr
MeOH 0 0 0 0
But CH - - - -
MeCN -1.45 0.85 4.50 3.9
Me2C0 - 0.73 3.35 -
EtOAc -4.06 0.36 2.60 -1 .1
a -  From Table 13, p . 131. b -  From Ref. 136.
c -  From Table 2, p .164. d -  From Table 3 , p .165.
TABLE 25
Enthalpies of transfer (on the mole fraction scale)
from MeCN to  various so lv en ts  o f Me^Sn, HgX2 and 
[Me„Sn/HgX2:M (K c a l  mol-1) a t  298 Ka
Solvent 6AHX*
Me^Sn HgC^2 Tr
MeCN o 0 0 0
Me 2 CO 0.76 -0 .12 -1.37 -0 .73
EtOAc 0.56 -0.49 -0.62 -0 .5 5
AH®
Solvent SAHX^
t
Me4Sn Hgl2 Tr
MeCN ' 0 0 0 0
Me 2 CO - -0 .12 -1 .15 -
EtOAc -2 .61 -0.49 -1 .9 0 -5 .0
a - Deduced from Table 24.
Since both  ACT^  and AHX^  have been d isse c te d  in to  i n i t i a l - s t a t e  
and t r a n s i t io n - s ta te  co n trib u tio n s  fo r  re a c tio n  (3) (R = Me, E t and 
X = CL, I ) ,  i t  i s  p o ss ib le  to  c a rry  ou t a s im ila r  d is s e c tio n  in  terms 
o f th e  entropy fu n c tio n . The re le v a n t equation  i s  (21), which i s  
analogous to  th a t  o f  (17) o r (20):
AS°(Tr) = AS°(R,Sn) + AS°(HgX2) + 6ASXT (21)
The entropy da ta  fo r  t r a n s f e r  from methanol (or MeCN) to  o th e r  so lv en ts  
in c lu d in g  e th y l a c e ta te  a re  given in  Tables 26-29.,
I t  can be seen from the ta b le s  th a t  in  a l l  cases th e  values o f
AS®(Tr) a re  decreased on going from methanol (or from MeCN) to  e th y l
a c e ta te . This i s  expected i f  the  t r a n s i t io n  s ta te s  c a rry  co n sid e rab le
I
se p a ra tio n  o f  charge. V aria tio n s  in  6AS1 values when so lv en t 
a c e to n i t r i le  i s  taken  as th e  re fe ren ce  so lv en t i s  due e n t i r e ly  to  th e  
t r a n s i t io n  s ta t e  (th e  values o f  AG®(Ri*Sn) and AG®(HgX2) vary  in  
d i f f e r e n t  d i r e c t io n s ) . However, when so lv en t methanol i s  taken  as 
th e  re fe ren ce  so lv en t the  v a r ia t io n s  a re  due to  v a r ia tio n s  in  th e  
entropy o f  re a c ta n ts  and o f the  t r a n s i t io n  s t a t e .  There a re  no 
a v a ila b le  values o f  AS® fo r  t r a n s f e r  from methanol (o r from MeCN) to  
e th y l a c e ta te  o f ion  p a ir s  th a t  might be s u ita b le  t r a n s i t io n - s t a t e  
m odels.
IbU
TABLE 26
E ntrop ies o f t r a n s f e r  (on th e  mole f ra c t io n  sca le) 
from MeOH to  various so lv en ts  o f Et^Sn, HgX2 and 
[EUSn/HgXzl^ (c a l d e s 'W " 1) a t  298 Ka
Solvent
b
SASXt
AS°t
EtuSn HgCL2 Tr
MeOH 0 0 0 0
But QH -22.2 3.9 -15 .3 -3 .0
MeCN - 7.4 2.8 4 .8 0 .2
Me 2 CO - 8.8 5.1 1.5 -2 .2
EtOAc
00'CfrH1 5.1 2.2 -7 .5
Solvent oASx^
AS°
Ett*Sn HgC£2 Tr
MeOH 0 0 0 0
BiA h - 3.9 - -
MeCN - 4.8 2.8 11.0 9 .0
Me 2 CO - 5.1 10.6 -
EtOAc -16.4 5.1 7.8 -3 .5
a -  C alcu la ted  from equation  , AG° = AH° -  TAS°, using  d a ta  
in  Tables 16 and 22. 
b -  Taken from Table 11, p .129.
TABLE 27
Entropies of transfer (on the mole fraction scale)
from MeCN to  v arious so lv en ts  o f Ett+Sn, HgX2 and 
[Et„Sn/HgX2r  Ccal d e . i f W r 1) a t  298 Ka
Solvent 6ASX+
• <
)
Eti*Sn HgC£2 Tr
MeCN 0 0 0 0
Me 2 CO -  1.4 2.3 -3 .3 -2 .4
EtOAc -  7.4 2.3 -2 .6 -7 .7
Solvent 6ASxt
<
Etz*Sn . HgC£2 Tr
MeCN 0 0 0 0
Me 2 CO - 2.3 -0 .4 -
EtOAc -11.6 2.3 -3 .2 -12 .5
a - Deduced from Table 26.
TABLE 28
Entropies of transfer (on the mole fraction scale)
from MeOH to  various so lv en ts  o f Me^Sn, HgX2 and 
[Me„SN/HgX2] t  (c a l deg’ ^ o l -1) at~298 Ka
Solvent '6AS ”
AS°
MeifSn HgC&2 Tr
MeQl 0 0 0 0
Bu^H - - 15.3 -
MeCN -10.2 3.1 4.8 - 2 . 3
Me 2 CO -11.4 5.1 1.5 - 4 . 8
EtOAc -19.2 5.3 2.2 -11 .7
Solvent
AS?
MeijSn HgC£2 Tr
MeOH 0 0 0 0
B^GH - - - -
MeCN -  1.9 3.1 11.0 12.2
Me ? CO - 5.1 10.6 -
EtOAc -21.5 5.3 7.8 -  8.4
a - C alcu la ted  from equation . AG° = All0 -  TAS°, using  d a ta  in9 z  z  t 9 °
Tables 18 and 24.
b -  Taken from Table 13, p . 131.
TABLE 29
Entropies of transfer (on the mole fraction scale)
from MeCN to  various so lv en ts  o f  Me^Sn. HgX2 and 
[Mei4Sn/HgX23 ^ (c a l deg~1mol~1j a t  298 Ka
Solvent 6ASX^
AS°
Me^Sn HgCL2 Tr
MeCN 0 0 0 0
Me 2 CO - 1.2 2.0 -3 .3 -2 .5
EtOAc -  9 .0 2.2 -2 .6 -9 .4
Solvent 6ASXt
AS?
Me^Sn Hgl2 Tr
i
MeCN 0 0 0 0
Me 2 CO -  . 2.0 -0 .4 -
EtOAc -19.6 2.2 -3 .2 -20 .6
a - Deduced from Table 28.
SECTION 7
CONCLUSION AND SUGGESTIONS FOR FURTHER WORK ON 
THE REACTIONS OF TETRA-ALKYLTINS BY MERCURY(ll) 
SALTS
i b b
R eactions (1) (R = Me, E t and X = CL, I) and (2) (R = E t and R’ = Me,
E t, Bu^, (C£CH2 CH2 ))and  (2) (R = Me and R! = Me, Et) in  so lv en t e th y l
a c e ta te  were d iscussed  in  S ection  6; the  main p o in ts  o f th e  d iscu ss io n  
are  summarized and conclusions are  drawn h e re .
R^Sn +■ HgX2 + RHgX + R3SnX (1)
Ri^Sn ■+ Hg(OCORf) 2 RHgOCOR1 + R3SnOCOR’ (2)
R eactions (1) and (2) in  so lv en t e th y l a c e ta te ,  as in  so lv en ts  m ethanol, 
t - b u ty l  a lco h o l, a c e to n i t r i le  and acetone, fo llow  second-order k in e t ic s ,  
f i r s t - o r d e r  in  each re a c ta n t .
From th e  k in e t ic  s a l t  e f f e c t  s tu d ie s  on re a c tio n  (1) (R = E t ,  X = CL) 
in  so lv en t e th y l a c e ta te ,  i t  was shown th a t  th e  t r a n s i t io n  s ta t e  o f  th e  
re a c tio n  i s  as p o la r  as in  acetone; le s s  p o la r, than in  methanol and 
t-b u ty l  a lco h o l, bu t more p o la r  than in  a c e to n i t r i l e .
The observed s t e r i c  sequence o f r e a c t iv i ty  among th e  a lk y l groups in  
e th y l a c e ta te  i s  th e  Me > E t as in  o th e r so lv e n ts . The r a t io s  o f  k(Mei*Sn)/ 
kCEtijSn) fo r  re a c tio n  (1) (R = Me, E t and X = CL, I) do no t d i f f e r  s i g n i f i ­
c a n tly  from so lv en t methanol to  so lv en ts  t -b u ty l  a lco h o l, a c e to n i t r i l e ,  
acetone and e th y l a c e ta te , in d ic a tin g  th a t  th e  s tru c tu re  o f th e  t r a n s i t io n  
s ta te  must be th e  same in  a l l  th e  so lv e n ts .
The sequence o f r e a c t iv i ty  among th e  m ercury(II) h a lid e s  fo r  re a c t io n  
(1) (R = E t and X = CL, I) in  e th y l a c e ta te ,  acetone and a c e to n i t r i l e  i s  
Hgl2 > HgCLp , whereas in  methanol the  o rder i s  HgCL2 > Hgl2 . S ince re a c t io n  
(1) in  a l l  the. so lven ts  proceeds by th e  S^2(open) mechanism, i t  i s  concluded 
th a t  th e  sequence o f r e a c t iv i ty  among th e  mercury (I I) h a lid e s  cannot be used 
as a m echanistic  c r i te r io n .
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The general e f f e c t  o f  s u b s ti tu e n ts  (RT) on th e  r a te  co n s tan t fo r  
re a c tio n  (2) in  so lv e n t e th y l a c e ta te  i s  the  same as in  so lv en ts  m ethanol, 
t -b u ty l  a lco h o l, a c e to n i t r i l e  and acetone. Therefore in  a l l  th e  so lv e n ts , 
t e t r a - a lk y l t in s  fu n c tio n  as su b s tra te s  and m ercury(II) carboxy la tes  as 
e le c tro p h i le s .
From th e  r e s u l t s  o u tlin e d  in  the  above paragraphs th e  follow ing
conclusion  may be reached: th a t  re a c tio n s  (1) (R = Me, E t and X = C&, I)
and (2) (R = E t and R’ = Me, E t, Bu^, C^CH^CTk) anc*- (R = Me and Rf =
Me, Et) in  so lv en t e th y l a c e ta te  proceed by th e  S^2(open) mechanism o f
e le c tro p h i l ic  s u b s t i tu t io n  a t  s a tu ra te d  carbon through a t r a n s i t io n  s ta t e
in  which considerab le  charge sep a ra tio n  has occurred . T herefore th e
mechanism of the  re a c tio n s  has remained the  same in  a l l  th e  a lc o h o lic
and a p ro tic  so lv en ts  which have been used so f a r ,  and th e  S^2 t r a n s i t io n
s ta te s  in  re a c tio n s  (1) and (2)’ ca rry  a m o d era te -to -la rg e  se p a ra tio n  o f
charge. This i s  in  marked c o n tra s t  to  r e s u l t s  on th e  halogeno-
100 2.X7 118d em eta ila tio n  o f te t r a - a lk y l t in s  * ’ , from which i t  i s  c le a r  th a t
th e re  i s  a fundamental change in  mechanism w ith  change o f so lv en t from 
p o la r to  r e la t iv e ly  non -po la r.
The a c tiv a tio n  param eters fo r  re a c tio n  (1) (R = Me, E t and X = Cl,  I) 
in  so lv en t e th y l a c e ta te  were shown to  be com patible w ith  th e  su ggestion  
regard ing  th e  mechanism o f  th ese  re a c tio n s .
The so lv en t e f fe c ts  on the  v a r ia t io n s  o f AG5^ ,  AHX^  and ASX^
(x denotes mole f ra c t io n  sca le ) fo r  re a c tio n  (1) (R = Me, E t and X = C&,
I) when so lv en t methanol o r a c e to n i t r i le  i s  rep laced  by e th y l a c e ta te ,  
were d is se c te d  in to  i n i t i a l -  and t r a n s i t io n - s ta te  c o n tr ib u tio n s . I t  was 
shown th a t  in  n ea rly  a l l  cases both i n i t i a l -  and t r a n s i t io n - s t a t e  
e f fe c ts  were im portan t, b u t th e  major so lv en t e f f e c t  i s  on th e  t r a n s i t io n  
s t a t e .
±3/
I t  was argued th a t  th e  values o f AG°(Tr), AH°(Tr) and AS^(Tr) fo r  the 
re a c tio n s  in  so lv en t e th y l a c e ta te  a re  in  agreement w ith  th e  mechanism 
a lread y  proposed.
The p o s s ib i l i ty  o f  an e le c tro n  t r a n s f e r  mechanism fo r  re a c tio n s  (1) 
and (2) was r e je c te d  on th e  grounds th a t  th e  s te r i c  e f f e c ts  in  th ese  
re a c tio n s  a re  q u ite  pronounced.
The e le c tro p h i l ic  cleavage re a c tio n s  o f  n 5-C5H5Fe(C0)2R by HgC&2
58in  THF have been s tu d ied  by W ojcicki and co-workers . They have found 
th a t  th e  k in e t ic s  and f in a l  products o f th e  re ac tio n s  depend on th e  
n a tu re  o f  th e  a lk y l group a ttach ed  to  iro n . For example, when R = Me, 
th e  re a c tio n  takes p lace  by equation  (3):
n 5-C5H5Fe(C0)2R + HgC&2 + n 5-C5H5Fe(CO)2C£ + RHgC£ (.3)
This pathway i s  s im ila r  to  re a c tio n  (1) (R = Me, E t and X = C&) in  a l l  
th e  so lv en ts  s tu d ie d . However, th e  k in e tic s  a re  d i f f e r e n t  and re a c tio n  
(3) (R = Me) follow s th ird -o rd e r  k in e t ic s ,  f i r s t - o r d e r  in  n 5-C5H5Fe(C0)2 Me 
and second-order in  HgC£2 . When R = Bu th e  re a c tio n  proceeds 
predom inantly through equation  (4 ):
n 5-C5H5Fe(C0)2R + HgOt2 -»■ n 5-C5H5FeCCO)2HgC«. + RCJ. (4)
R eaction (4) (R = Bu ) i s  seen to  proceed v ia  a d i f f e r e n t  pathway to  
(1) . However, th e  k in e tic s  are  th e  same, second-order in  HgC&2 and 
f i r s t - o r d e r  in  n 5-C5H5Fe(CO) 2But . When R = P r1 and to  a s l ig h t  e x te n t 
when R = E t, re a c tio n  (5) i s  observed, and second-order k in e t ic s ,  f i r s t -  
o rd er in  each re a c ta n t ,  a re  obeyed.
n 5-C5H5Fe(CO)2R + HgC&2 -> Fe con ta in ing  m a te r ia l
(5)
+ iHg2C&2 + organic products + CO
A mechanism p resen ted  fo r  th ese  re a c tio n s  i s  g iven on p . 47. This 
mechanism does no t apply to  re a c tio n s  (1) and (2) fo r  th e  fo llow ing 
re a so n s :
( i)  The re a c tio n s  in  a l l  the  so lv en ts  s tu d ied  follow  second-order 
k in e t ic s ,  f i r s t - o r d e r  in  each r e a c ta n t .
( i i )  The re a c tio n s  proceed always through pathway (1) independent 
o f  the  n a tu re  o f  th e  a lk y l fragm ent, R.
( i i i )  R eactions (1) and (2) in  so lv en t e th y l a c e ta te ,  o r  o th e r
so lv en ts  s tu d ie d , proceed through a s im ila r  mechanism as in
methanol where th e  sequence o f r e a c t iv i ty  among th e  a lk y l
groups ( p .107) i s  s t e r i c  in  o r ig in ,  whereas th e  e le c t r o p h i l ic
■("
cleavage o f  -Fe-R by m ercury(II) ch lo rid e  when R = Bu proceeds 
twenty tim es f a s t e r  than  when R = Me.
T herefo re , none o f  th e  th re e  mechanisms proposed by W ojcicki and 
co-workers ap p lie s  in  th e  p re se n t case .
The s te reo ch em istry  o f  brom odestannylation o f  Bus -SnR3 in  m ethanol
(R = Pe1160) has been shown to  involve in v ersio n  o f c o n fig u ra tio n  a t  
14carbon (see p . 41) . The re c e n t d a ta  on th e  brom odestannylation o f  t h i s  
compound in  m ethanol/cyclohexane show th a t  th e  s te reo ch em istry  o f  th e
re a c tio n  depends on th e  group cleaved  and leav in g  group; a bulky group
nso isuch as R = Pe leads to  in v e rs io n  and sm aller R groups such as Pr
s 131and Bu lead  to  predominant r e te n t io n  a t  carbon . I t  has a lso  been
132 tshown th a t  th e  s te reochem istry  o f  re a c tio n  o f Bu CHD-CHD-SnR3 w ith
Br2 in  so lv en t chlorobenzene involves predominant re te n t io n  o f
c o n fig u ra tio n . The s te r e o s p e c if i t ie s  when R = Me and P r1 a t  low
co n cen tra tio n  o f  Br2 a re  90 and 85% R et, and a t  h igh  c o n c en tra tio n  o f  f
Br2 a re  85 and 50% Ret re sp e c tiv e ly .
In  the  e le c tro p h i.l ic  s u b s t i tu t io n  re ac tio n s  involv ing  m etal fo r  
m etal exchange which have been rep o rted  so f a r ,  re te n tio n  o f  c o n fig u ra tio n
seems to  be more f a v o u ra b le ^ >43,44,47,48^ However, a few examples o f
. 45 46 49in v e rs io n  o f co n fig u ra tio n  have appeared in  the  l i t e r a t u r e  9 9 . For
re a c tio n s  (1) and (2) in  m ethanol, r e te n tio n  o f c o n fig u ra tio n  ( I ;  .
p. 116) has been su g g e s te d ^  (see p. 4 1 ) .  From th e  co n stan t Me > E t r a t io
(Table 6, p . 117) i t  i s  deduced th a t  th e  geometry o f th e  t r a n s i t io n  s ta t e
fo r  th e  re a c tio n s  i s  s im ila r  in  a l l  th e  so lv e n ts . Hence th e  re a c tio n s
have th e  same s te reo ch em is tiy , i . e .  r e te n t io n . However, th i s  has n o t y e t
been proved. Indeed, in  c o n tra s t to  th e  ex ten siv e  k in e t ic  s tu d ie s  on th e
/
re a c tio n s  o f t e t r a - a lk y l t in s  by m ercury(II) s a l t s  in  d i f f e r e n t  so lv e n ts , 
l i t t l e  work has been done on th e  s te reochem istry  o f th e se  r e a c t io n s .  In  
fa c t  th e  only work in  th i s  f i e ld  i s  due to  Abraham and G re l l ie r40 who 
approached th i s  problem in d ire c t ly  (see p . 4 1 ) .  Therefore f u r th e r  work 
on th e  s te reo ch em istry  o f th ese  re a c tio n s  i s  suggested in  o rd er to  
determ ine th e  exact s tru c tu re  o f th e  t r a n s i t io n  s ta te  in  th e se  r e a c t io n s .
SECTION 8
DETERMINATION OF PARAMETERS AG°, AH° AND AS° 
FOR MERCURY(11) SALTS AND Ag £ FOR 
TETRA-ALKYLTINS AND PHENYLTRIETHYLTIN
161
Determ in a tio n  o f AG°, AH° and AS° fo r  m ercury(II) c h lo rid e  and iod ide
For th e  in v o la t i le  n o n -e le c tro ly te s  (IigXz), f re e  energ ies  of 
t r a n s fe r  may be determ ined through s o lu b i l i ty  measurements from equation
CD:
AG° = RTLn (X: /X2) (1)
where Xi and X2 a re  mole f r a c t io n  s o lu b i l i t i e s  o f th e  s o lu te  in  so lv en ts  
1 and 2. Equation (1) i s  only v a l id  i f  th e  same s o lid  phase i s  in  
equ ilib rium  w ith  each o f th e  s a tu ra te d  s o lu t io n s . In  equation  (1) i t  i s
im plied th a t  th e  te rn  in  th e  secondary medium a c t iv i ty  c o e f f ic ie n ts  i s
u n ity . Since th e  s o lu b i l i t i e s  o f m ercury(II) s a l t s  in  v ario u s  so lv en ts  
are  n o t very  high i t  i s  th e re fo re  reasonable to  assume th a t  th e  a c t iv i ty  
c o e f f ic ie n ts  a re  u n ity .
The s o lu b i l i ty  measurements fo r  mercury (I  I) iod ide  in  so lv en ts  
e th y l a c e ta te  and acetone and fo r  mercury (I  I) ch lo rid e  in  th e  former 
so lv en t have been c a r r ie d  out in  th e  p re sen t work. The method o f 
determ ination  o f th e  s o lu b i l i t i e s  and th e  r e s u l t s  a re  in  S ec tio n  17.
From th e  s o lu b i l i ty  d a ta  th e  va lues o f  AG° fo r  t r a n s f e r  from methanol
to  e th y l a c e ta te  and acetone were c a lc u la te d  as fo llow s. Since i t  i s
133known th a t  mercury (I I) ch lo rid e  foims a so lv a te  w ith  methanol 
(HgC£2 > 2MeQH), th e re fo re  a h y p o th e tica l mole f ra c t io n  s o lu b i l i ty  o f 
mercury (I I) ch lo rid e  a t  25°C (Xi = 0.169) was used in  th e  c a lc u la tio n s  
(see Ref. 103). Then,using th e  ob tained  s o lu b i l i t i e s  in  298 K and 
318 K, AG^  can be c a lc u la te d  through equation  (1 ); r e s u l t s  a re  g iven  in  
Table 1, columns 3 and 5.
134On the o th e r  hand i t  has been shown ^ th a t  mercury (I I)  c h lo rid e  
and bromide do no t form so lv a te s  w ith  a c e to n i t r i l e  so lv e n t, thus i t  i s  
h ig h ly  l ik e ly  th a t  mercury (I I) c h lo rid e  docs n o t form a so lv a te  w ith
so lv en ts  acetone and e th y l a c e ta te . I t  was assumed th a t  th e re  a re  no
s o lid  so lv a te s  o f m ercury(II) ch lo rid e  in  acetone and e th y l a c e ta te  a t
298 K. S ince mercury (I I)  c h lo r id e , which forms a so lv a te  w ith  methanol
133a t  298 K, does n o t foim a so lv a te  a t  a l l  w ith  methanol a t  318 K, the
above c a lc u la tio n s  can be checked by f i r s t  c a lc u la tin g  AG° a t  318 K and
then  c o rre c tin g  th is  to  298 K using  th e  r e la t io n  th a t
AG°(298 K) = AG°(318 K) + AS° [318 - 298)' (2)
The ( in d ire c t)  values o f AG° (298 K) c a lc u la te d  in  th is  way a re  g iven in  
Table 1, column 6 (p .163). Agreements in  th e  case o f t r a n s f e r  to  
acetone and e th y l a c e ta te  i s  reaso n ab le , and averages o f th e  d i r e c t  and 
in d ire c t  values were taken  (Table 2, column 3, p . 164).
The values o f hea t o f so lu tio n s  o f m ercury(II) c h lo r id e , AH°
(HgC£2) in  various so lv en ts  were determ ined c a lo r im e tr ic a lly  by 
136Dr Abraham. From th ese  v a lu e s , AH° (HgC£2) values fo r  t r a n s f e r
could be deduced, and th e  values o f AS° (HgC£2) fo r  t r a n s f e r  could  then  
be c a lc u la te d .
The param eters AH°, AH°, AG° and AS° o f HgC£2 a re  g iven in  
Table 2.
The h ea ts  o f so lu tio n  o f m ercury(II) iod ide  on the  mole f r a c t io n  
sc a le  in  so lv en ts  acetone and e th y l a c e ta te  were c a lc u la te d  from 
equation  (3 ):
LnK  --------- + constan t (3)
RTi
owhere AH's i s  th e  h ea t o f  so lu tio n , T^ is  th e  tem perature in  degrees 
a b so lu te , R i s  th e  u n iv e rsa l gas co n stan t and K i s  th e  mole f r a c t io n
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s o lu b i l i ty .  The values o f AH° fo r  m ercury(II) iod ide in  bo th  cases 
were ob tained  from th e  slope o f th e  l in e a r  p lo t  o f log K 1 a g a in s t 
1/T^ (see p . 165). In  bo th  cases th e  p lo ts  showed none o f th e  sudden 
breaks which a re  c h a r a c te r is t ic  o f so lv a te  form ation.
TABLE 2
Values o f AH0 , AH° AG° (ca l mol *) and AS°----------------- i  s -~ t ~—  t —-------------- -— ------- 1
(c a l deg mol ) o f  HgCL2 on the  mole
f ra c t io n  sc a le  a t  298 K
Solvent
d
AH0s AGf < <
MeOH . -  710 0 0 ' 0
Bu^OH 5320 1459.3 6030 15.3
MeCN 960 236 b 1670 4.8
Me2C0 -  410 -  148 c 300 1.5
EtOAc 340 396.6° 1050 2.2
a -  From Table 1. 
b -  In d ire c t  a t  298 K.
c -  Mean values o f AG° (298 K ), d i r e c t  and in d ire c t  (see Table 1) .
d -  From R e f .136.
The values o f AH° (Hgl2)- in  various so lv en ts  to g e th e r  w ith  th e  
values o f AH° (Hgl2) from methanol to  o th e r so lv en ts  a re  g iven  in  
Table 3 .
133Since m ercury(II) iod ide  does no t form a so lv a te  w ith  methanol , 
a c e to n itr i le ,a c e to n e  and e th y l a c e ta te ,  equation  (1) i s  th e re fo re  v a l id .  
The values o f AG° (Hgl2) fo r  t r a n s fe r  from methanol to  o th e r so lv en ts  a re  
given in  Table 3. The values o f AS0 (Hgl2) were c a lc u la te d  as in  th e
case o f m ercury(II) ch lo r id e , and are  g iven in  Table 3.
J.UJ
CO)
(EtOAc)
3 . 0  3 . 2  3 . 4  3 .6
103/T
FIGUK8 ]. P lo ts  o£ 1 .0 2  (mole f r a c t io n  s o lu b i l i ty )  a g a in s t 1/T
100
TABLE 3
Values o f AH? , AH? , AG? (ca l mol”1) and AS? 
(ca l deg~1mol‘~1) fo r  Hgl2 on th e  mole 
f r a c t io n  s c a le  a t  298 K
Solvent X
a
AHs AH?t AG° AS° Ref
M30H 2.86 x 1 0 '3 1850 0 0 0 135
Bu^OH 3.7 x  lO-1* - - 1211.7 - 136
MeCN 3.75 x  10"“ 6348 4498 ' 1203.7 11.0 136
Me2C0 2.10 x  lO-3 5203 3353 183.0 10.6 This
work
EtOAc 1.8 x 10-3 4452 2602 274.5 7.8 This
work
a -  Determined c a lo r im e tr ic a lly .
D eterm ination o f fre e energ ies o f t r a n s f e r  (AG?) from methanol
to  o th e r so lv en ts  fo r  p h e n y ltr ie th y lt in and te t r a - a lk y l t in s
The values o f f re e  energ ies o f t r a n s f e r  o f  p h e n y l t r ie th y l t in  from 
so lv en t methanol to  o th e r so lv en ts  were determ ined by a gas l iq u id  
chromatographic method described  in  S ection  18. The d e ta i l s  o f 
c a lc u la t io n s ,to g e th e r w ith  th e  r e s u l t s ,  a re  given in  S ec tio n  18 ,and 
th e  va lues o f AG? fo r  some o f the  so lv en ts  a re  given again  in  Tables 4 
and 5 , v
TABLE 4
-K  -
_-----------r—........................................................ .. ... ~
MeOH to  various so lven ts  on the  mole f ra c t io n  s c a le  a t
298 K
Solvent AGf
MeQi 0
Me 2 CO -1489
.EtOAc -1837
a -  This work.
TABLE 5
Values o f  AG° (c a l mol""1) fo r t r a n s f e r  o f  PhSnEt3 from
MeOH to  Me0H-H20 m ixtures a t  298 Ka
MeOH(v/v)
%
X(MeOH)
b 
AG° AGf
100 / 0
98 0.956 350 346
94 0.874 631 582
a -  This work.
b -  On the  mole f ra c t io n  s c a le , 
c -  On th e  molar s c a le .
The values o f AG° fo r  te tra m e th y ltin  and te t r a e th y l  t i n  from methanol 
to  o th e r  so lv en ts  have been determ ined by th e  same method as fo r  phenyl- 
t r i e t h y l t i n  by A b r a h a m a n d  a re  given in  Table 6.
TABLE 6
- u
---------------- — t —^-------------- ---------------------------------
from MeOH to  various so lv en ts  on th e  mole f ra c t io n  sca le
a t  298 Ka
Me^Sn Et^Sn
Solvent
AG°
i •
> a
r+
 
O
i
MeOH 0 0
BuTH -1327 -1556
MeCN - 78 175
Me CO -  804 -  927
EtOAc -1231 -1539
a -  From Ref. 136.
Comparison o f the  values o f AG° (PhSriEts) (Table 4) w ith  AG^
(EtuSn) va lues (Table 6) shows th a t  they  a re  n o t excep tional in  any way, 
The values fo r  PhSnEt3 a re  la rg e r  sim ply because i t  i s  a b ig g er 
m olecule.
SECTION 9
REACTIONS OF PHENYLTRIETHYLTIN BY MERCURY(ll) 
SALTS IN METHANOL
In tro d u c tio n
Hie cleavage o f ’o rg an ic1 groups from organom etallic  compounds i s  o f 
considerab le  importance in  p rep a ra tiv e  chem istry . In  th is  f i e ld ,  th e  
re a c tio n s  o f a ry l-m eta l compounds w ith  o th e r m etal- o r non-m etal compounds 
by th e  mechanism o f e le c tro p h i l ic  s u b s t i tu t io n  are  o f p a r t ic u la r  in te r e s t  
and some o f th ese  rea c tio n s  were reviewed in  S ection  3. However, th e se  
re a c tio n s  have h i th e r to  been s tu d ied  much le s s  f u l ly  than  re a c tio n s  in  
which an ary1-hydrogen bond i s  broken by e le c tro p h il ic  re ag en ts . In  th e  
case o f m etal fo r  m etal exchanges most o f  th e  previous s tu d ie s  have 
involved th e  cleavage o f  a ry l-m eta l bonds by the  compounds o f  th e  same 
m etal (see S ection  3 ). For example, th e  re a c tio n s  o f a ry l-m ercu ry (II) 
compounds by m ercury(II) s a l t s .  In  o rder to  expand th e  above s tu d ie s ,  i t  
was decided to  ca rry  ou t a k in e t ic  study  o f th e  mechanism o f  cleavage o f  
th e  a ry l-S n  bond by another m e ta llic  s a l t  (Hg”) . On th e  o th e r  hand, 
although arom atic s u b s t i tu t io n  re a c tio n s  have been s tu d ied  q u ite  
ex ten s iv e ly , th e  number o f  rep o rted  in v e s tig a tio n s  on s a l t  e f f e c ts  and 
so lv en t e f fe c ts  on the  re a c tio n s  i s  q u ite  sm all. This i s  because th e  
cond itions under which most arom atic su b s ti tu tio n s  take p lace  a re  n o t 
su ita b le  fo r  such s tu d ie s .
S a l t  e f f e c ts ,  as w ell as so lv en t e f f e c t s ,  have proved to  be o f
im portance in  e lu c id a tio n  o f th e  mechanism o f a l ip h a tic  s u b s t i tu t io n
4re a c tio n s , p a r t ic u la r ly  m etal fo r  m etal exchange re a c tio n s  . I t  was 
hoped th a t  in  the  case o f  arom atic e le c tro p h i l ic  s u b s t i tu t io n  r e a c t io n s ,  
m etal fo r  m etal exchange re a c tio n s  would provide s u ita b le  co n d itio n s  fo r  
th e  study o f  s a l t  e f fe c ts  as w ell as so lv en t e f f e c ts .
The re ac tio n s  o f p h e n y ltr ie th y lt in  w ith  m ercury(II) s a l t s  a re  to  ' 
be s tu d ied  k in e t ic a i ly  in  p o la r  as w ell as nonpolar so lv en ts  in  o rd e r to  
o b ta in  inform ation as to  th e  re a c tio n  o rd e r, the e f f e c t  o f  changing
e le c tro p h ile  on th e  r a te  o f re a c tio n , th e  a c t iv a t io n  param eters fo r  each 
re a c tio n , and th e  e f f e c t  o f  a d d itio n  o f 'i n e r t  s a l t  on th e  r a te  o f r e a c tio n . 
From th e  above in form ation  i t  was hoped to  deduce the  mechanism o f the  
r e a c t io n s .
The p o ss ib le  mechanisms o f e le c tro p h i l ic  arom atic s u b s t i tu t io n s  were 
o u tlin e d  in  S ection  1. I t  was shown th a t  th e  arom atic re a c tio n s  could 
involve e i th e r  a and/or ir-complexes as in te rm e d ia te s . I t  was a lso  shown 
th a t  th e  s t a b i l i t y  o f  a a-complex i s  s tro n g ly  a ffe c te d  by th e  number as 
w ell as the  p o s it io n  o f s u b s titu e n ts  whereas th e  s t a b i l i t y  o f a 'ir-complex 
i s  a f fe c te d  much le s s  (Table 1, p . 26 ) .  Mainly on th e  b a s is  o f  th ese  
arguments, brom ination o f benzene and alkylbenzenes a re  suggested to  
involve th e  a-complex as in te rm ed ia te , whereas m ercuration  o f  benzene and 
benzene d e r iv a tiv e s  seem to  involve a t r a n s i t io n  s ta te  which i s  n ea re r to  
a Tr-complex ra th e r  than  a a-complex (see pp. 27 -  30 ) . The e f f e c t  of 
s u b s titu e n ts  on some arom atic re a c tio n s  which involve m eta l, p ro to n  and 
halogen fo r  m etal exchanges were considered  in  S ection  3 . I t  was found 
th a t  th ese  re a c tio n s  could involve a 7r-complex as in te rm ed ia te ; however, 
in  some cases a c le a r -c u t  conclusion  as to  th e  s tru c tu re  o f  th e  
t r a n s i t io n  s ta te  has n o t been drawn.
General product analyses and th e  k in e t ic s  o f re ac tio n s  o f 
p h e n y ltr ie th y lt  in  by m ercury(II) h a lid e s
The re a c tio n  o f p h e n y ltr ie th y lt in  by m ercury(II) h a lid e s  (1)
(X = C£, I) in  methanol can take p lace  in  two d ire c tio n s  (a and b ) :
PhSnEtc + HpX
PhHgX + E t3SnX
a )
PhSnEt2X + EtHgX
LI L
The qu estio n  o f  which group (phenyl or e thy l) i s  s p l i t  o f f  i s  very  
im portant fo r  understanding th e  mechanism o f the  re a c tio n . T herefo re , 
i t  i s  necessary  to  determ ine th e  n a tu re  o f th e  group s p l i t  o f f  in  the  
re a c tio n  s tu d ied . The product a n a ly s is  was c a r r ie d  ou t fo r  re a c tio n  (1) 
(X = C&) in  m ethanol. The method o f an a ly s is  has been d escribed  on 
p .250. Since i t  was p o ss ib le  to  i s o la te  phenylm ercury(II) c h lo rid e  in
t
93% y ie ld ,  th e re fo re  i t  i s  obvious th a t  re a c tio n  (1) (X = C£) tak es  p lace  
only in  d ire c t io n  a , i . e .  th e  d ep artin g  group i s  -SnEt3, and th e  phenyl 
group i s  s p l i t  o u t. I t  w i l l  be shown l a t e r  th a t  re a c tio n  (1) (X = I) 
in  methanol a lso  occurs only in  d ire c t io n  a , i . e .  th e  phenyl group i s  
cleaved o f f .  The s to ich io m e tric  equation  o f  the  re a c tio n  o f phenyl­
t r i e t h y l t i n  by HgX2 (X = C&, I) in  methanol i s  expressed by equation  (2) :
PhSnEt3 + HgX2 -> PhHgX + E t3SnX (2)
S im ilar s tu d ie s  on re a c tio n  o f p h en y ltrim e th y ltin  by m ercury(II) c h lo rid e
O f) O'] 7 Q
in  methanol and DMSO and on re a c tio n  (2) (X = OAc) in  THF show 
th a t  only  th e  phenyl group i s  cleaved o f f .  Thus th e  r e s u l t s  considered
(in c lu d in g  th is  work) dem onstrate th e  h ig h er r e a c t iv i ty  o f th e  phenyl-Sn
/
bond w ith  re sp ec t to  a lk y l-S n . The k in e t ic s  o f re a c tio n  (2) (X = C£, I) 
in  methanol were s tu d ied  sp ec tro p h o to m etrica lly  in  e x a c tly  th e  same way 
as the  a l ip h a t ic  re a c tio n s  were s tu d ie d  (see p .109). R eaction (2)
(X = C£, I) in  methanol proceeds q u ite  ra p id ly  even when th e  i n i t i a l  
co n cen tra tio n s o f th e  re a c ta n ts  a re  around 3 x 10”5 M a t  25°C. To 
follow  th e  re a c tio n  a sp e c ia l r e a c tio n  v e sse l which was ab le  to  d e l iv e r  
5 ml a lip h o t p o rtio n s  o f the  re a c tio n  m ixture a t  25 s in te rv a ls  was 
used « The a liq u o t p o rtio n s  were quenched by a d d itio n  to
•a O
2.5 x  10 M potassium  iodide in  a m ethanol-w ater m ixture o f mole
f ra c t io n  methanol 0.S14. The formed H gl3 was determ ined through i t s
163absorbance a t  315 run. The c a l ib ra t io n  co n s tru c ted  p rev io u sly  fo r  use 
w ith  methanol as th e  re a c tio n  m ixture so lv en t was used to  c a lc u la te  th e  .
m ercury(II) s a l t s  co n cen tra tions a t  any time (see S ection  1 4 fo r  d e ta i l s ) ,
K in etics  o f re a c tio n  (2) (X = C&) in  methanol were s tra ig h tfo rw a rd ; in
each k in e t ic  run  th e  normal second-order r a te  equation  was obeyed (see
fo r  example a p lo t  o f  k 2t  vs t ,  p . 230) . The k in e t ic  runs were follow ed
to  70-80% re a c tio n . As a p re lim in ary  s te p  th e  k in e tic s  o f r e a c tio n  (2)
(X = C£) in  methanol were s tu d ied  a t  0°C and th e  observed second-order
r a te  co n stan t was reasonably  co n stan t over a range o f i n i t i a l
concen tra tions o f  th e  re a c ta n ts  (Table 6 , p . 253). When X = I ,
re a c tio n  (2) was follow ed by a ra p id  r e v e rs ib le  re a c tio n  (3 ), e n t i r e ly
35analogous to  th e  e q u i l ib r ia  observed in  a l ip h a t ic  s u b s t i tu t io n s  :
K +
E t3SnI + Hgl2 ^  E t3Sn + H gl3 (3)
In  th i s  case th e  second-order co n stan t was ob ta ined  by ev a lu a tin g  th e  
value o f  K on a t r i a l  and e r ro r  b a s is  as d escribed  on p .226. I t  was 
found th a t  when K * 11, a p lo t  o f k 2t  values v ersu s t  (time) gave a 
s t r a ig h t  l in e  (see p . 232 fo r  a graph o f k 2t  vs t  w ith  d i f f e r e n t  va lues 
o f K ). The r a te  co n stan t was then determ ined from the  slope o f th e  
s t r a ig h t  l in e .  Reaction (2) (X = I) was follow ed to  ca . 50% o f th e  
re a c tio n .
In fluence o f th e  su b s tra te  and the  re a c ta n ts  on th e  r a te  
o f re a c tio n
Rate co n stan ts  fo r  re a c tio n  (2) (X = Cl,  I) a t  v ario u s  tem peratu res
in  methanol a re  in  S ection  16. The value  a t  25°C fo r  re a c tio n  (2)
(X = C£), 103 I  mol~1s 1, compares q u ite  w ell w ith  th a t  found by Reutov 
80e t  a l . fo r  the s u b s t i tu t io n  o f phenyl tr im e th y l t i n  by mercury (I  I) 
c h lo rid e  in  m ethanol, v iz .  135 I  m o l^ s  1, and th e  r a t io  o f 
kCPh-SnMe)/k(PhSnEt3) i s  only 1.3 which in d ic a te s  th a t  th e  leav in g  group
e f fe c t  i s  q u ite  sm a ll. When th i s  r a t io  i s  compared w ith  r a t io s  o f
k(Me-SnMe3)/k(M e-SnPr3 )) o f  1 .6  and k(E t-SnE t3) /k (E t-S n P r3). o f  3 .1  fo r
, re a c tio n  w ith  mercury (I I) a c e ta te  in  m e th a n o l^ , and k(Me-SnMe3) /
k(Me-SnBu?), o f  0.83 fo r  re a c tio n  w ith  m ercury(II) iod ide  in  96%
35methanol , i t  rev ea ls  th a t  th e  ( ra th e r  sm all) leav ing  group i s  common to  
both  arom atic and a l ip h a t ic  s u b s t i tu t io n s .
S u b s titu tio n  o f  an a lk y l group by a phenyl group a c c e le ra te s  th e  
r a te  o f  an e le c tro p h i l ic  s u b s t i tu t io n .  The re le v a n t d a ta  i s  g iven in  
Table 1 (p .175 ). From th i s  i t  can be seen th a t  a phenyl group i s  
cleaved  from t i n  by m ercury(II) h a lid e s  in  methanol about 4-5 x 102 
tim es as ra p id ly  as a methyl group and about 1  x  1 0 5 tim es as ra p id ly  
as an e th y l group. Thus i t  i s  deduced th a t  re a c tio n  (2) (X = C&, I) 
does indeed re p re se n t th e  sto ich iom etry  o f  th e  re a c tio n . The g re a te r  
r e a c t iv i ty  o f a phenyl group in  comparison w ith  an a lk y l group towards 
th e  e le c tro p h ile s  i s  connected w ith  a d i f f e r e n t  type o f s tru c tu re  o f 
th e  t r a n s i t io n  s ta te  w ith  th e  p a r t ic ip a t io n  o f the  tt system . However, 
in  th e  case o f th e  t r a n s i t io n  m etal complexes (Table 1) where th e  
r e a c t iv i ty  o f  a phenyl group i s  only s l ig h t ly  h igher than  th a t  o f  a 
methyl group, the  mechanism may tak e  p lace  by mechanisms o th e r  than  th e  
usual e le c tro p h i l ic  s u b s t i tu t io n s .
The e f f e c t  o f  I ( in  th e  form o f Bu^NI) on re a c tio n  (2) (X = I) in  
methanol was in v e s tig a te d . I t  was found th a t  ad d itio n  o f  1~ to  th e  
medium in h ib i ts  th e  re a c tio n  (see Table 14, p . 257). Since th e  th i r d
2 + M
stepw ise s t a b i l i t y  co n stan t o f Hg / 1 system in  methanol i s  very
158 -la rg e ,  k 3 = 7.6 x 1 0 4 , th e re fo re  I ” converts th e  re a c tiv e  sp ec ies  Hgl2
to  u n reac tiv e  species  H gl3 and stops th e  re a c tio n .
The r a te  o f re a c tio n  o f p h e n y ltr ie th y l t in  by mercury (I I) a c e ta te
in  so lv e n t methanol proved to  be so higli th a t  th e  k in e t ic s  o f  th e
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re a c tio n  could no t be follow ed under th e  cond itions used in  th is  work.
79I t  has a lso  been rep o rted  th a t  re a c tio n  (4) (X = H, e t c . ,  see p . 65) 
in  THF i s  so f a s t  th a t  th e  r a te s  could n o t be measured by th e  u sual 
methods, and th e  r e la t iv e  r a te s  (w ith re sp e c t to  PhSnEt3, see p . 65) 
were obtained  by means o f th e  com petitive re a c tio n  techn ique.
XCsH^SnEts + Hg(0Ac) 2 -> XCeH^HgOAc + E t3SnOAc (4)
However, th e  com petition  technique fo r  determ ining r e la t iv e  r e a c t iv i t i e s
140 141has been th e  su b je c t o f  some c r i t ic is m  , s ince  th e  re a c tio n  co n d itio n
( i f  th e  re a c tin g  spec ies  a re  h ig h ly  re a c tiv e )  may be f a r  from 
s t a t i s t i c a l l y  c o r re c t ,  owing to  in s u f f ic ie n t  mixing. T herefore i t  i s  
deduced th a t  th e  r e a c t iv i ty  o f m ercury(II) a c e ta te  i s  much g re a te r  than  
th e  analogous re a c tio n  involv ing  m ercury(II) c h lo rid e . The sequence o f 
r e a c t iv i ty  among the  m ercury(II) s a l t s  i s  as fo llow s, equation  (5 ):
Hg(QAc) 2 > HgC&2 > H gl2 » H g I 3 (5)
The same sequence o f r e a c t iv i ty  was a lso  found fo r th e  s u b s t i tu t io n  o f
37te t r a e th y l t in  by th e  mercury (I  I) s a l t s  in  methanol . Hie above sequence
73may a lso  be compared w ith  th a t  found by Reutov e t  a l  fo r  th e  re a c tio n  
between PhHgX and Hg*X2 in  so lv en t methanol + 101 w ater where th e  
sequence among the  Hg*X2 compounds i s  in  accordance w ith  in c re a s in g  
io n ic i ty  o f th e  m ercury(II) s a l t s  (see Table 7, p . 59 ) .
E ffe c t o f  added w ater on the re a c tio n  between p h e n y ltr ie th y lt in  
and mercury ( 1 1. j ch lo r ide
The r a te  co n stan ts  fo r  re a c tio n  (2) (X = C£) in  various m ethanol- 
w ater m ixtures were determ ined a t  both  0° and 25°C and a re  g iven in  
Tables 7 and 8 , S ection  16 . The r a te  constan ts  a re  in c reased
in  value on ad d itio n  o f w ater to  th e  methanol so lv en t. The e f f e c t  o f
added w ater on th e  re a c tio n  i s  q u a l i ta t iv e ly  th e  same as fo r  th e  
corresponding a l ip h a t ic  s u b s t i tu t io n  re a c tio n  (6 ) (R = E t, X = C£):
R^Sn + HgX2 -> R ig a  + R3SnX (6 )
33b u t in  th e  l a t t e r  case th e  e f f e c t  i s  more pronounced . On th e  o th e r  hand
th e  weak e f f e c t  o f w ater on re a c tio n  (2) (X = CX) i s  comparable w ith
73th a t  found by Reutov e t  a l  fo r  re a c tio n  o f  phenylm ercury(II) bromide 
by m ercury*(II) bromide in  m ethanol, where th e  ad d itio n  o f  10% w ater 
caused a 2 .2 -fo ld  in c rease  on th e  re a c tio n  r a te  a t  22°C. The re a c tio n  
was suggested to  involve a c y c lic  t r a n s i t io n  s ta te  such as (IV) (see 
p . ) .  I t  should be noted th a t  th ese  e f fe c ts  do no t d is t in g u is h  
between c y c lic  t r a n s i t io n  s ta te  (IV) and a t r a n s i t io n  s ta t e  th a t  i s  o f 
low p o la r i ty ,  e .g .  one near a 7r-complex. However, from th e  weak e f f e c t  
o f w ater on re a c tio n  (2) (X = C&) one may conclude th a t  th e  t r a n s i t io n  
s ta t e  o f  th e  re a c tio n  i s  n o t very  p o la r  in  n a tu re .
The e f f e c t  o f added s a l t s  on th e  re a c tio n  between 
p h e n y ltr ie th y lt in  by m ercury(II) s a l t s
In  o rder to  study th e  e f f e c t  o f th e  iod ide ion  on re a c tio n  (2)
(X = I) in  m ethanol, tetra-n-butylam monium  iod ide  was added in to  th e  
so lv e n t medium. D e ta ils  o f  th e  experim ent a re  given in  Table 14, p . 257.
The r e s u l t s  show th a t  no re a c tio n  takes p la c e . In  methanol th e  th i r d
2 + — 1,138s t a b i l i t y  constan t fo r  the  Hg / 1 system i s  very  la rg e , K3 = 7.6 x l ( r  ,
so th a t  an excess o f I r e s u l t s  in  complete conversion o f  Hgl2 to  H gl3.
Since no re a c tio n  was d e tec te d , i t  i s  concluded th a t  th e  sp ec ies  H gl3
does n o t a c t as an e le c tro p h ile  in  th e  re a c tio n . This has a lso  been
shown to  be th e  case fo r  th e  s u b s t i tu t io n  o f t e t r a e th y l t in  by
mercury (I I) iod ide  in  m e rh a n o l^ .
The value o f the  stepw ise form ation co n sta n t, K3, fo r  HgC£ 3 (7)
— 138in  methanol i s  unknown, bu t th e  values o f K3 fo r  HgC£ 3 in  w ater (I( 3 = 9)
k 3
HgC£ 2 + C£~ * HgC£ 3 (7)
and in  60% aqueous methanol (K3 = 3) ^ 2  in d ic a te  th a t  th i s  value  in  methanol
should be o f th e  same o rd e r. These very  low values fo r  K3 mean th a t  on
a d d itio n  o f  C£~ very  l i t t l e  conversion o f HgC£ 2 to  HgC£ 3 tak es  p la c e . On
143th e  o th e r hand, th e  stepw ise form ation co n stan t K2 fo r  HgC£ 2 in  methanol
138must be o f  th e  o rder o f 101 1  and in  w ater K2 = 3 .0  x  106 ( 8 ) :
K2
HgC£* + C£” HgC£ 2 ( 8 )
The la rg e  values o f K2 mean th a t  a d d itio n  o f C£~ reduces d r a s t i c a l ly  th e
+co n cen tra tio n  o f  HgC£ . Therefore i t  i s  p o ss ib le  to  use th e  a d d itio n  o f 
C£ as a probe fo r  HgC£ as a k in e t ic a l ly  s ig n if ic a n t  e n t i ty .
The e f f e c t  o f  th e  added ch lo rid e  ion  ( in  the  form o f  NaC£) on th e  
r a te  o f  re a c tio n  (2) (X = C£) in  methanol was in v e s tig a te d . The r e s u l t s  
a re  shown in  Table 9 , p .255. From th e  stepw ise form ation co n s tan ts  fo r  
equations (7) and ( 8 ) ,  approximate values o f  th e  co n cen tra tio n s  o f 
HgC£ and HgC£ 3 could  be c a lc u la te d . The r a t io s  o f k 2 '/k 2 to g e th e r  w ith  
the  percentages o f [HgC£3] and [HgC£+] a re  in  Table 2 . ( p .179).
According to  Table 2 th e  co n cen tra tio n  o f HgC£+ on a d d itio n  o f only  
3.2 x 10 ** M sodium c h lo rid e  reduces by a fa c to r  o f 10**. In  o th e r  words, 
a t  th i s  co n cen tra tio n  o f  sodium c h lo rid e  th e  co n cen tra tio n  o f HgC£ 
becomes n e g lig ib le . Since on fu r th e r  a d d itio n  o f sodium c h lo r id e  th e  
r a te  co n stan ts  decrease s t i l l  f u r th e r ,  i t  i s  c le a r  th a t  th e  sp ec ies  HgC£+ 
cannot co n tr ib u te  s ig n if ic a n t ly  to  th e  t o t a l  r a te  and th a t  r e a c t io n  ( 2 )
(X = C£) involves only th e  mercury(XI) ch lo rid e  as th e  e le c t r o p h i le .
The red u c tio n  in  r a te  may be a t t r ib u te d  to  th e  conversion o f th e  r e a c tiv e
e le c tro p h i le , HgC£2, to  th e  u n reac tiv e  HgC£ 3 (by analogy to  H g l7 ).
TABLE 2
E ffe c t o f  added NaC£ on r a te  co n stan ts  fo r  re a c tio n  o f
PhSnEt3 by HgC£ 2 in  MeCH a t  0°C
[NaCS,] a b . c
mol S, 1
k 2 /k 2 %[HgCJQ UHgC£ ]
0 1 0 5 x 10” 2
3.2 x  lCf" 0.96 0 . 1 3 x 10” 6
4 .0  x  10- 3 0.90 1 . 2
1 . 0  x  1 0 7 2 0.79 3
5.0  x 10" 2 0.57 15
a -  Taken from Table 9 , p . 255. 
b -  Assuming K3 = 3 (see t e x t ) . 
c -  Assuming K2 = 101 1 (see t e x t ) .
However, assuming K3 -  3 fo r  r e a c tio n  (2) (X = C£) in  methanol when
i n i t i a l  co n cen tra tio n  o f HgC£ 2 i s  4 x 10” 5 M and o f  c h lo rid e  ion
— 2 -5 x 10 M, then  th e  approximate co n cen tra tio n  o f  HgC£ 3 p re se n t a t  the
s t a r t  o f  the  re a c tio n  i s  only 6  x 10” 6 M, and th is  co n cen tra tio n  o f 
HgC£ 3 i s  n o t enough to  account fo r  th e  decrease in  th e  r a t e .  
A lte rn a tiv e ly  i t  i s  p o ss ib le  th a t  th e re  i s  a n egative  io n ic  s tre n g th  
e f fe c t  o f sodium ch lo rid e  in  a d d itio n  to  th e  above chemical e f f e c ts .
In  o rder to  see i f  th e  observed e f fe c t  o f sodium c h lo r id e  i s  a s p e c if ic  
behaviour o r a general behaviour, th e  e f fe c ts  o f  a number o f  s a l t s  on 
the  r a te  o f re a c tio n  (2) (X = C£) in  methanol were examined. D e ta ils  
o f  th e  experim ent are  in  S ection  16 . The values o f  k 2 / k 2 (k 2 and k 2 a re  
r a te  constan ts  in  the  presence and absence o f s a l t  re sp e c tiv e ly )  fo r
TABLE 3
V aria tio n  o f k 2 /k 2 w ith  added s a l t  in  th e  s u b s t i tu t io n  o f 
PhSnEt 3 w ith  HgC£ 2 in  methanol a t  0 °Ca
k2 /kj!
S a l t
[ S a l t ] : 2 x lC f 3 (mol A” 1) 1 x 10 Z(mol A-1)
- 1 1
NaCA • 0.92 0.79
NaCAO* 0.96 0 . 8 6
NaCAOs 0.91 0.82
NaNOs 0.77 0.89
LiCAOn • 0.82 0.81
EtuNCAOu 0.90 0 . 8 6
Bui/NCAOi* 0 . 8 6 0.92
Bu^NCAOi* ( a t  25°C) 0.87 0.85
a -  From Tables 9 , 10,11 12 ,S ec tion  16.
The r e s u l t s  a t  0°C show (Table 3) th a t  th e re  i s  a n eg a tiv e  k in e t ic
i .
s a l t  e f f e c t  in  a l l  th e  cases (includ ing  th e  e f f e c t  o f NaCA). In  th e  
case o f one s a l t  (Bu^NCAOiJ th e  experim ents were c a r r ie d  ou t a t  25°C 
(bottom o f  Table 3 ) . The r e s u l ts  suggest th a t  th e  n eg a tiv e  s a l t  e f f e c t  
fo r  th e  re a c tio n  i s  independent o f tem perature . I t  was a lso  shown th a t  
ad d itio n  o f Bu^ NCAO^  to  the  so lv en t 94% methanol reduced th e  r a te  
considerab ly  (Table 7, p . 254). In  a d d itio n  to  th e  r e s u l t s  in  Table 3 , 
th e  r a t io s  of k 2 / k 2 a re  given in  Table 4; th e se  were ob ta ined  from a 
more d e ta ile d  k in e t ic  s a l t  e f f e c t  study on th e  re a c tio n  w ith  th re e  
se le c te d  s a l t s .
TABLE 4
V aria tio n  o f k 2 / k 2 w ith  added s a l t  in  th e  s u b s t i tu t io n  o f 
PhSnEt3 w ith  HgC£ 2 in  MeOH a t  0°Ca
[Bu^N acy 
mol £ 1
k2 / k 2
[LiC£0iJ 
mol I  1
k 2 / k 2
[NaN0 3] 
mol l ~ l
k 2 / k 2
0 1 . 0 1 0 1
5.0  x  10’ " 0.69 2 . 0  x 1 0 ’ 3 0.82 1 . 0  x  1 0 ’ " 0 .82
8 . 0  x  1 0 ’ " 0.73 1 . 0  x 1 0 ’ 2 0.81 3 .0  x 10’ " 0.87
1 . 0  x 1 0 ’ 3 0.87 2.5 x 10’ 1 1.08 2 . 0  x  1 0 ’ 3 0.77
1.5  x 10” 3 0 . 8 8 4.4  x 1 0 ’ 1 1.15 1 . 0  x  1 0 ’ 2 0.89
2 . 0  x 1 0 ’ 3 0 . 8 6
1 . 0  x 1 0 ’ 2 0.92
1.3  x 10" 1 0.84
a -  From Tables 10 and 12, S ec tion  16.
The r e s u l t s  in  Tables 3 and 4 show th a t  th e re  i s  indeed a  n eg a tiv e  
k in e t ic  s a l t  e f fe c t  in  a l l  cases. I t  seems th a t  th e  values o f  k 2 / k 2 
reach  a minimum and then  in c rea se . For example, in  th e  case o f  LiC&Oi* 
a t  h igh  concen tra tions o f the  added s a l t ,  th e  r a t io  begins to  exceed 
u n ity .
The r e s u l ts  o f  th i s  work can be .compared w ith  those  o b ta ined  by 
37Reutov and co-workers . They found th a t  added KC£04 on re a c tio n  o f 
PhHgBr by Hg*Br2 in  so lv en t methanol had no e f fe c t  on th e  r a t e  o f  th e  
re a c tio n  (see Table 5, p . 5 8 ). However, i t  can be seen from th e  ta b le  
th a t  ad d itio n  o f Br a c c e le ra te s  the  r a te  o f th e  r e a c tio n . The c a ta ly t ic  
e f f e c t  o f Br should be m ainly a t t r ib u te d  to  th e  form ation  o f  PhHgBr2 
(by analogy to  th e  form ation o f RHgBr2j R - a l k y l w h i c h  i s  a good 
e le c tro n  donor, s in ce  the  p o ss ib le  sp ec ies  HgBr3 i s  a very  poor
e le c tro p h i le . The above s i tu a t io n  does no t apply to  th e  PhSnEt3 system , 
s in ce  form ation o f PhSnEtsBr’  i s  u n lik e ly .
In  c o n tra s t to  th e  e f fe c ts  o f  s a l t s  on re a c tio n  (2) (X = C&) in
m ethanol, th e  corresponding a l ip h a t ic  re a c tio n  ( 6 ) (R = E t, X = C£) in
37th is  so lv en t e x h ib its  p o s it iv e  k in e t ic  s a l t  e f fe c ts  . For example, sodium 
ch lo rid e  a c c e le ra te s  the re a c tio n  about as much as th e  o th e r s a l t s ,  say 
lith iu m  p e rc h lo ra te  and tetra-n-butylammonium p e rc h lo ra te . I t  i s  
th e re fo re  suggested th a t ,  u n lik e  re a c tio n  (6 ) (R = E t, X = C£) w ith  a 
high p o la r  t r a n s i t io n  s t a t e ,  th e  t r a n s i t io n  s ta t e  fo r  re a c tio n  ( 2 )
(X = C&) i s  not very  p o la r .
A c tiv a tio n  param eters fo r  th e  s u b s t i tu t io n  o f p h e n y ltr ie th y l t in  
by mercury (I  I) h a lid e s  in  methanol and aqueous methanol
The a c t iv a t io n  param eters fo r  th e  re a c tio n  between p h e n y l t r ie th y l t in  
and m ercury(II) c h lo rid e  in  so lv en ts  1001, 98% (X(MeQH = 0.956) and 94% 
(X(MeOH) = 0.874) m ethanol,and fo r  th e  re a c tio n  o f p h e n y l t r ie th y l t in  
w ith  mercviry(II) iod ide in  so lv en t m ethanol, were c a lc u la te d  as d escrib ed  
in  S ection  14. The values o f  th e  r a te  co n stan t fo r  re a c tio n  (2) (X = C&, I) 
in  th e  above so lv en ts  a re  given in  S ec tio n  16 (uncorrected  fo r  so lv e n t 
expansion o r c o n trac tio n  from 298 K). The c a lc u la te d  values o f  AH' 
using  the  uncorrected  values o f the  r a te  co n stan t a re  th e re fo re  on th e  
mole f ra c t io n  s c a le , and a re  denoted as AHX^ . The va lues o f  AG^  a t  298 K 
on th e  mole f ra c t io n  sc a le  CAG*b were c a lc u la te d  a f t e r  conversion  o f th e  
r a te  co n stan ts  a t  298 K in to  u n its  o f mole f ra c t io n ’ 1 s ’ 1 (using  
equation  (12), p .127, d e n s it ie s  o f 98% and 94% methanol were tak en  from 
Ref. 145). The values o f a c t iv a tio n  e n th a lp ie s , AHX t, fo r  th e  re a c tio n s  
in  methanol were determ ined g ra p h ic a lly  from a p lo t  o f  log k a g a in s t 1/T 
and in  the  m ethanol-w ater m ixtures from two tem peratures (273 and 298 K) .
80The r e s u l ts  of th i s  work, to g e th e r w ith  those  ob tained  by Reutov e t  a l  
fo r  th e  s u b s t i tu t io n  o f phenyl trim ethy lt. in  by m ercury(II) ch lo rid e  in. 
methanol are  given in  Table 5 ;
As seen from Table 5, th e  a c tiv a tio n  param eters fo r  th e  s u b s t i tu t io n
o f p h en y ltrim e th y ltin  by m ercury(II) c h lo rid e  are  n o t s ig n i f ic a n t ly
d if f e r e n t  to  those  o f th i s  work fo r  th e  s u b s t i tu t io n  o f p h e n y l t r ie th y l t in
by th e  same e le c tro p h ile .  Table 5 also 'show s th a t  the  in v e s tig a te d
re a c tio n s  have low a c t iv a t io n  e n th a lp ie s ; p a r t ic u la r ly  notew orthy i s
th a t  AH T fo r  re a c tio n  (2) (X = C&) in  th e  most aqueous reg io n  s tu d ie d
has the  very  low value  o f 4.24 K ca l mol 1. I t  i s  suggested th a t  th ese
low. values o f AHX^  a re  com patible w ith  th e  p rocess o f complex form ation ,
s in ce  th e  process o f  complex form ation and e le c tro p h i l ic  a t ta c k  o f th e
m ercury(II) s a l t s  can depend d if f e r e n t ly  on th e  tem perature. Indeed, i t
has been d em o n stra ted "^  ’ th a t  mercury (I I) h a lid e s  form m olecular
complexes w ith  arom atic hydrocarbons. The complex form ation occurs
through an in te ra c t io n  o f the ir e le c tro n s  o f  some s i t e s  o f th e  donor
arom atic m olecule w ith  empty o r b i ta ls  o f th e  m ercury(II) atom.
Consequently th e  l in e a r  geometry o f th e  f re e  molecule o f th e  m ercury(II)
148h a lid e  should be ben t as was shown by the  d ip o le  moments .
Comparison o f th e  a c t iv a tio n  param eters fo r  re a c t io n  (2) (X = Cl,  I) 
Table 5 , w ith  those  fo r  th e  s u b s t i tu t io n  o f  t e t r a e th y l t in  by mercury (I I) 
ch lo rid e  o r iod ide  (Table 1 1 , p . 129) in  methanol o r aqueous methanol (see 
Refs. 33, 35 ) show th a t  th e  change in  th e  re a c tio n  r a te  observed when 
an e th y l group is  s u b s ti tu te d  by a phenyl group is  due m ainly to  th e  
enthalpy  term . The values o f AHX^  in  th e  case o f  th e  re a c tio n s  invo lv ing  
p h e n y ltr ie th y lt in  a re  alm ost h a l f  o f those in  corresponding a l ip h a t ic  
re a c tio n  involv ing  t e t r a e th y l t in .  I t  i s  suggested th a t  th e  p rocess  o f 
complex form ation (fo r  th e  PhSnEt3 system) and th e  lack  o f  i t  ( fo r  th e
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lack  o f i t  ( fo r  th e  Eti*Sn system) accounts fo r  the low and high va lues
They s tu d ied  th e  k in e t ic s  o f a s e r ie s  o f  RSnMe3 compounds w ith  m ercury(II) 
ch lo rid e  in  m ethanol. From th e i r  d a ta  in  Table 12, p . 6 8 , th e  a c t iv a t io n
en th a lp ies  fo r  compounds w ith  a tt system (R = Ph, C6 F5 and CH2 = CH) a re
much le s s  th an  fo r  compounds o f  the  type Me^Sn.
From th e  evidence th a t  low a c tiv a tio n  en th a lp ie s  fo r  re a c t io n  (2)
(X = C&, I) in  methanol and aqueous methanol a re  due to  th e  p rocess o f 
complex form ation , and on th e  b a s is  th a t  mercury (I I) s a l t s  can a c t  as 
Tr-complex accep tors towards arom atic compounds146,147^ a t ra n s i t i on s t a t e  
which i s  n ea re r to  th e  Tr-complex than  to  the  very  p o la r  a-complex i s  
suggested fo r  the  re a c tio n . The e f fe c t  o f  added w ater and added in e r t  
s a l t s  on re a c tio n  (2) (X = C£) in  so lv en t m ethanol, which in d ic a te d  th a t  
th e  t r a n s i t io n  s ta te  o f th e  re a c tio n  i s  no t h ig h ly  p o la r , confirm  th e  
above suggestion  as to  th e  n a tu re  o f th e  t r a n s i t io n  s ta t e .  The mechanism
may be p ic tu re d  below, equation  (9):
o f AH 1 re sp e c tiv e ly .
A dd itional examples may be found in  th e  work o f Reutov e t  a l . 80
SnEt2 S n E t 3  E t3Sn Hg"X2
HgX2
Tr-complex a-complex
From the  e f f e c t  o f su b s titu e n ts  on re a c tio n  (4) (p. 176) in  1HF, a
79mechanism such as (9) has a lso  been suggested as a p o s s ib i l i ty  
Comparison o f th e  a c tiv a tio n  param eters fo r  re a c tio n  (2) (X = C&) w ith
those o f  (2) (X = I) in  Table 5, shows th a t  fo r  the  l a t t e r  th e  a c t iv a t io n  
en thalpy  i s  la rg e r  and th e  a c t iv a t io n  entropy i s  le s s  n eg a tiv e . Since i t  
i s  known th a t  mercury (I I) c h lo rid e  i s  more so lv a ted  in  th e  i n i t i a l  s ta t e  
than  m ercury(II) io d id e , th ese  r e s u l ts  a re  ra th e r  s u rp r is in g . However, 
confidence is  based upon th e  values fo r  re a c tio n  (2) (X = C£), where a 
graph o f log k versus 1/T does y ie ld  an e x c e lle n t l in e  in  c o n tra s t  to  
th a t  fo r  re a c tio n  (2) (X = I) . Considering th e  estim ated  s tan d ard  d ev ia tio n  in  
both cases i t  can be assumed th a t  th e  d iffe re n ce s  a re  no t s ig n i f ic a n t .
K in e tics  o f reac tio n s  v ia  an in term ed ia te
119C h ip p erfie ld  and co-workers have s tu d ied  th e  k in e t ic s  o f  re a c tio n  
o f Mo(Cp) (CO) 3 (SnMe3) and Mn(CO) 5 (SnMe3) w ith  HgBr2 in  so lv en t dioxan.
I t  was suggested th a t  th e  re a c tio n s  proceed v ia  an in te rm ed ia te  which i s  
formed between th e  m etal complex and HgBr2 , equation  ( 1 0 ) :
K kx
organom etallic  + HgBr2 C  products (10)
The re a c tio n s  were s tu d ied  under p se u d o -f irs t-o rd e r  co n d itio n s  w ith  
co n cen tra tio n  o f HgBr2 in  excess. Values o f  k 2 observed were found to  
be dependent on the  co n cen tra tio n  o f m ercury(II) h a lid e . E quation (11) 
was used and values o f K and k x were c a lc u la te d :
1 1 [HgBr 2 ]
— ?— = -----+ ------------ 2  (XI)
k? kjK ki
A more general equation  fo r  a re a c tio n  which proceeds through an in te r -
149m ediate may be form ulated as follow s . Consider ra c tio n  ( 1 2 ) :
K kj
A + B C  Products (12)
1 5 /
d[A + C] d[B + C] kiI([A + C] [B + C]
rate (13)
d t d t 1 + K[A + B + C]
I£ K and C a re  sm all, then
obs
1
(14)
kiK ki
In  th e  p re sen t work th e  r e s u l ts  o f  C h ip p erfie ld  and co-workers 119
were re c a lc u la te d  using  equations (11) and (14). The values ob ta ined  fo r  
K and k i u sing  e i th e r  o f the equations were th e  same as those  o f 
C h ip p e rf ie ld . A p p lica tio n  o f equation  (14) to  re a c tio n  (2) (X = C£)
(Table 6 , p . 253) i s  d i f f i c u l t ,  because although th e  fa c to r  in  th e  
i n i t i a l  co n cen tra tio n  AQ + BQ is  1 .4 , th e  a c tu a l range is  only 
4 x  10- 5  mol &"1. This range i s  too sm all fo r  the  equation  to  be ap p lied .
— 3 — 1C h ip p e rf ie ld ’s co n cen tra tio n  range i s  3 x 10 mol £ , th e re fo re  
equation  (14) in  p ra c t ic e  can only be ap p lied  i f  th e  co n cen tra tio n s  o f
— 3Aq and Bq a re  o f the  order o f 10 o r h ig h e r . The va lues o f k 2 (Table 6  , 
p . 253) remain constan t w ith in  th e  l im its  o f  co n cen tra tio n s  o f  th e  
re a c ta n ts  and by in sp ec tio n  o f th ese  values i t  may be sa id  th a t  th e  va lu e  
o f K must be very  sm all, even i f  th e re  i s  an in term ed ia te  fo r  th e  
re a c tio n .
Conclusion
I t  was shorn th a t  equation  (2) (X = C£, I) (p.172) re p re se n ts  th e  
sto ich iom etry  o f th e  s u b s t i tu t io n  o f p h e n y ltr ie th y lt in  by m ercury(II) 
h a lid e s  in  methanol under th e  cond itions used in  th e  p re se n t work.
R eaction (2) (X = Cl,  I) in  methanol fo llow s second-order k in e t ic s ,
f i r s t - o r d e r  in  each re a c ta n t .  When X = I ,  re a c tio n  (2) i s  follow ed by an
equ ilib rium  which i s  e n t i r e ly  analogous to  th a t  fo r  th e  s u b s t i tu t io n  o f
35te t r a e th y l t in  by m ercury(II) iod ide  in  methanol
Comparison o f the r e a c t iv i ty  o f p h e n y ltr ie th y lt in  w ith  r e la te d  
a l ip h a t ic  s u b s ti tu tio n s  shows th a t  a phenyl group i s  cleaved from t i n  by 
m ercury(II) h a lid e s  about 1 x 105 tim es as f a s t  as an e th y l group.
I t  was deduced th a t  m ercury(II) a c e ta te  re a c ts  f a s t e r  than  m ercury(II) 
c h lo rid e  and th e  sequence o f  r e a c t iv i ty  among th e  m ercury(II) s a l t s  (5)
(p. 176) i s  th e  same as th e  o rder o f in c reas in g  e le c tro p h i l ic  power towards 
t e t r a e th y l t in  in  m ethanol.
The e f fe c t  o f  added sodium ch lo rid e  on re a c tio n  (2) (X = C£) in  
methanol was in v e s tig a te d . I t  was shown th a t  HgC& cannot c o n tr ib u te  
s ig n if ic a n t ly  to  the  t o t a l  r a te  and th e  re a c tio n  involves only  mercury (I  I) 
c h lo rid e  as th e  e le c tro p h ile .
A ddition  o f w ater to  so lv en t methanol m ild ly  in c reases  th e  r a te  o f 
re a c tio n  (2) (X = Cl) , whereas added in e r t  s a l t s  tend to  decrease  i t .
I t  was concluded th a t  th e  t r a n s i t io n  s ta te  o f  th e  re a c tio n  cannot be 
p a r t ic u la r ly  p o la r .
From th e  low values o f a c t iv ia t io n  en th a lp ie s  fo r  r e a c tio n  (2)
(X = Cl,  I) in  methanol and/or aqueous m ethanol, th e  presence o f an 
in term ed ia te  m-complex was suggested. I t  was suggested th a t  re a c t io n  (2)
(X = Cl,  I) in  methanol and /or aqueous methanol involves an in te rm ed ia te  
TT-complex follow ed by a t r a d i t io n a l  a-complex, equation  (9 ), p . 185. The 
r e s u l t s  obtained  from the  study o f added w ater and in e r t  s a l t s  a re  
th e re fo re  in  agreement w ith  the  n a tu re  o f th e  t r a n s i t io n  s ta t e  proposed.
SECTION 10
REACTIONS OF PHENYLTRIETHYLTIN BY M ERC UR Y( I I )  
SALTS IN ACETONE AND ETHYL ACETATE
Introduction
In co n tin u a tio n  o f an in v e s tig a tio n  o f th e  re a c tio n s  o f  phenyl­
t r i e t h y l t i n  by m ercury(II) ch lo rid e  and iod ide  performed in  m ethanol, 
the  k in e t ic s  o f  th e  same re a c tio n s  have been c a r r ie d  ou t in  two a p ro tic  
so lv e n ts , acetone and e th y l a c e ta te .
K in etics  o f re a c tio n s  o f p h e n y ltr ie th y lt in  by m ercury(II) 
c h lo rid e  and iod ide in  so lv en t acetone .
The k in e tic s  o f re a c tio n s  o f p h e n y lt r ie th y l t in  by mercury (I I) 
ch lo rid e  and iod ide  in  acetone were c a r r ie d  out in  th e  same way as in  
methanol (see p . 172) . The i n i t i a l  concen tra tio n s  o f th e  re a c ta n ts  were 
[HgX2] -  1 x  10 4 and [PhSnEt3] = 2 x  10” ** M a t  25°C. Because o f  the  
presence o f acetone in  th e  so lu tio n s  fo r  UV a n a ly s is , i t  was necessary  
to  c o n s tru c t a new c a l ib ra t io n  (see p . 233). This new c a l ib r a t io n  was 
then  used to  c a lc u la te  th e  form al co n cen tra tio n  o f un reacted  
m ercury(II) s a l t s  in  the  quenched samples. A pp lica tion  o f th e  normal 
second-order r a te  equation  showed th a t  th e  values o f k 2 decreased  a f t e r  
about 401 re a c tio n . Hence th e  d a ta  were tre a te d  as in  th e  case o f 
re a c tio n  (1) (X = I) in  methanol (see p .173). In  o th e r words i t  was 
assumed th a t  re a c tio n  (2) (X = C£, I) i s  a lso  tak in g  p lace :
^ 2
PhSnEt3 + HgX2  PhHgX + E t3SnX (1)
K +E t3SnX + HgX2 E t3Sn + HgX3 (2)
I t  was found th a t  th e  experim ental second-order r a te  co n s tan ts  remained 
constan t during th e  re a c tio n  by tak in g  K -  7 and 10 fo r  re a c tio n s  o f 
p h e n y ltr ie th y lt in  by m ercury(II) c h lo rid e  and ibd ide in  acetone 
re sp e c tiv e ly  *
±y l
The occurrence o£ s tag e  (2) (X = I) has been observed fo r  re a c tio n  !
(1) (X = I) in  methanol (see p . 173) and fo r  re a c tio n  (3) (X = I) in
+. 116.acetone :
k 2
EUSn + HgX2 -----► EtHgX + E t3SnX (3)
On th e  o th e r hand, in  th e  case o f  re a c tio n s  (1) (X = C£) in  methanol
116( th is  -work) and (3) (X = C£) in  acetone no complex form ation between 
E t 3SnC& and HgC&2 tak es  p la c e , i . e .  s tag e  (2) where X = CJt does n o t 
occur. Therefore i t  may be deduced th a t  fo r  re a c tio n  (1) (X = C£) in  
acetone a lso  s tag e  (2) does n o t occur, and th e  value o f K i s  regarded  as 
a c o rre c tio n  f a c to r .  The reason why th e  v a lu es o f k 2 decrease during  th e  
re a c tio n  was no t in v e s tig a te d . R eaction (1) (X = C&, I) in  acetone was 
follow ed to  a t  l e a s t  501 re a c tio n . The r a te  co n stan ts  fo r  th e  re a c tio n  
a t  d i f f e r e n t  tem peratures a re  given in  S ec tio n  .
In fluence o f th e  su b s tra te  and th e  re a c ta n ts  in  so lv en t acetone
The second-order r a te  co n stan ts  fo r  re a c tio n  (1 ) (X = CX, I) in  
acetone a t  various tem peratures a re  given in  S ec tion  16. Comparison o f 
th e  r e s u l t s  fo r  th e  re a c tio n s  o f p h e n y l t r ie th y l t in  by m ercury(II)
•1 *] /
ch lo rid e  and iod ide w ith  those fo r  th e  s u b s t i tu t io n  o f t e t r a e th y l t i n  by 
th ese  e le c tro p h ile s  shows th a t  s u b s t i tu t io n  o f  an e th y l group by a 
phenyl group gives r i s e  to  a very  la rg e  r a te  a c c e le ra tio n . For example, 
a t  25°C w ith  re a c tio n  (1) (X = C£) in  acetone, a phenyl group i s  c leaved  
by a fa c to r  u f about 4 .7  x 10'* tim es f a s te r  than  an e th y l group. I t  i s  
th e re fo re  obvious th a t  equation  (1) (X = C£, I) rep re sen ts  th e  s t o i ­
chiom etry o f the re a c tio n  in  acetone, and only th e  phenyl group i s  s p l i t  
o u t.
The r a te  o f re a c tio n  (1) (X = OAc) in  acetone proved to  be too f a s t  
to  fo llow  under th e  cond itions used in  the p re sen t work. T herefore i t  
may be deduced th a t  th e  re a c tio n  proceeds f a s t e r  than  (1) (X = C&, I ) .
The e f fe c t  o f I"  ( in  th e  form BuljNI) on re a c tio n  (1) (X = I) in  acetone 
was to  r e ta rd  th e  r a te  s tro n g ly , and an excess o f I ” stopped th e  re a c tio n . 
The o rder o f in c reasin g  e le c tro p h i l ic  power o f m ercury(II) s a l t s  towards 
p h e n y ltr ie th y lt in  in  acetone i s  s im ila r  to  th a t  found in  m ethano l,(p . 176) 
equation  (4 ).
Hg(0 Ac) 2 > HgC&2 > Hgl2 »  HglJ (4)
This sequence i s  n o t th e  same as th a t  fo r  re a c tio n  w ith  t e t r a e th y l t in  by
- i *1 /
m ercury(II) h a lid e s  in  acetone , where in  th e  l a t t e r  case m ercury(II) 
iod ide re a c ts  f a s te r  than  c h lo r id e . On th e  o th e r hand th e  sequence shows 
th a t  n u c leo p h ilic  a s s is ta n c e  by I~ i s  n o t im portant in  e i th e r  a l ip h a t ic  
o r arom atic s u b s t i tu t io n s .
The e f fe c t  o f  added tetra-n-butylam monium  p e rc h lo ra te  on re a c tio n  
o f p h e n y ltr ie tn y lt in  by m ercury(II) c h lo rid e  in  acetone
The r a te  co n stan ts  fo r  th e  re a c tio n  o f  p h e n y l t r ie th y l t in  by
m ercury(II) ch lo rid e  in  th e  presence o f d i f f e r e n t  co n cen tra tio n s  o f
tetra-n-butylammonium p e rc h lo ra te  a t  25°C a re  given in  Table 16, p . 258.
The values o f the  r a te  co n stan ts  a t  r a th e r  low co n cen tra tio n s  o f  th e
s a l t  d ecrease , and a t  h igh  co n cen tra tio n  o f  th e  s a l t  an in c rease  in  th e
r a te  i s  observed. S im ilar behaviour was seen in  th e  case o f th e  re a c tio n
in  methanol (see p . 177). Thus i t  i s  suggested  th a t ,  as in  m ethanol, th e
t r a n s i t io n  s ta te  o f th e  re a c tio n  i s  n o t p a r t ic u la r ly  p o la r .  Comparison
o f th e  e f fe c t  o f  added tetra-n-butylam monium  p e rc h lo ra te  on th e  re a c tio n
w ith  th a t  on the  s u b s t i tu t io n  o f t e t r a e th y l t in  by mercury (I I) c h lo rid e  
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a p o la r  t r a n s i t io n  s t a t e ) , provides more evidence fo r  th e  above proposal 
concerning th e  t r a n s i t io n  s ta te  o f th e  p h e n y ltr ie th y lt in  re a c tio n .
A c tiv a tio n  param eters fo r  re ac tio n s  o f  p h e n y ltr ie th y lt in  by 
m ercury(II) ch lo rid e  and iodide in  acetone
The r a te  co n stan ts  (uncorrected  fo r  so lv e n t expansion o r c o n tra c tio n  
from 298 K) fo r  re a c tio n  (1) (X = C£, I) a t  various tem peratures a re  in  
Tables 15 and 18, S ection  16. The values o f AHX^ , AG*  ^ and ASX^  were 
c a lc u la te d  from the  r a te  constan ts  as d escribed  in  Section  14. In  
each case a p lo t  o f log  k ag a in s t 1/T y ie ld e d  a good s t r a ig h t  l in e .  The 
r e s u l t s  on the  mole f ra c t io n  sc a le  a re  given in  Table 1.
TABLE 1
A ctiv a tio n  param eters (on th e  mole f ra c t io n  sca le ) fo r
re a c tio n s  o f PhSnEt3 by HgC&2
298
and Hgl2 in  acetone a t
K
AG*+ AHxt AS**
R eactants
(K c a l mol”1) (K ca l mol""1) (c a l deg_1mol x)
PhSnEt3 + HgC.2,2 14.07±0.017a 6.19±0.16a -26.4±0.5a
PhSnEt 3 + Hgl2 14.68±0.017a 4.93±0.16a -32 .7±0 .5a
a -  The e rro rs  have been c a lc u la te d  assuming th a t  th e  s tan d ard  
e r ro r  in  the  r a te  constan t i s  31.
In  the  previous se c tio n  concerning th e  a c t iv a t io n  param eters fo r
re ac tio n s  o f p h e n y ltr ie th y lt in  by mercury (I I) h a lid e s  in  methanol and
xi
aqueous m ethanol, i t  was suggested th a t  th e  low values o f API 1 were 
c o n s is te n t w ith  the  process o f complex form ation . The evidence fo r  
form ation o f a Tr-complex between mercury (I I) s a l t s  and arom atic 
hydrocarbon was given , and a mechanism such as (9 , p . 185) which
shows that the transition state for the reaction resembles a ^-complex
r a th e r  than a a-complex, was p o s tu la te d . I t  i s  suggested th a t  th e  
xi
low values o f AH T (Table 1) as in  m ethanol, in d ic a te  th e  p resence o f an
in te rm ed ia te  complex. For th e  s u b s t i tu t io n  o f t e t r a e th y l t in  by
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m ercury(II) ch lo rid e  in  acetone, where th e  p rocess o f complex
xi
form ation i s  no t p o s s ib le , th e  va lue  o f AH T is  12.20 and 
K c a l mol- 1  (see Table 11, p . 129). The r e s u l t s  o f  k in e t ic
s a l t  e f fe c ts  on re a c tio n  (1) (X = C&) in  acetone show th a t  th e  p o la r i ty  
o f th e  t r a n s i t io n  s ta te  must be very  low. T herefo re , as in  m ethanol, 
re a c tio n s  o f p h e n y ltr ie th y lt in  by m ercury(II) c h lo rid e  and iod ide  
probably  involve f i r s t  a v-complex and then  a t r a d i t io n a l  a-complex, 
equation  (5 ):
SnEt3 E t3Sn HgX2
/
•+ E t3SnX + PIiHgX
Tr-complex a-complex
From Table 1 th e  value o f AS** fo r  th e  re a c tio n  invo lv ing  m ercury(II) 
c h lo rid e  i s  le s s  negative  than  fo r  th e  io d id e ; i t  i s  suggested  th a t  
th e re  i s  g re a te r  so lv a tio n  in  th e  ground s ta te  o f m ercury(II) c h lo rid e  
than  o f m ercury(II) io d id e .
iyo
Conclusion of the work in acetone
R eaction (1) (X = C&, I) in  acetone was s tu d ied  k in e t ic a l ly .  From 
the  comparison o f r e a c t iv i ty  o f th e  phenyl group w ith  th e  e th y l group 
i t  was shown th a t  in  re a c tio n  ( 1 ) on ly  the  phenyl group i s  cleaved o f f .
R eaction (1) (X = C&, I) fo llow s second-order k in e t ic s ,  f i r s t - o r d e r  
in  each r e a c ta n t .  I t  was deduced th a t  fo r  re a c tio n  (1) (X = C&), 
form ation  o f HgC&J does no t take  p lac e .
I t  was shown th a t  th e  o rder o f r e a c t iv i ty  among th e  mercury (I  I) 
s a l t s  (Hg(0 Ac)2 , HgC&2 , Hgl2) fo llow s sequence (4 ), which i s  in  accordance 
w ith  th e  in c reasin g  io n ic i ty  o f the  mercury (I  I) s a l t s .  I t  was a lso  found 
th a t  H gl3 i s  u n reac tiv e  in  r e la t io n  to  Hgl2 .
The e f f e c t  o f added tetra-n-butylam monium  p e rc h lo ra te  on re a c tio n  
(1) (X = C&) was to  r e ta rd  th e  r e a c tio n , and on fu r th e r  a d d itio n  o f th e  
s a l t  an in c rease  in  th e  r a te  was observed. I t  was suggested th a t  th e  
t r a n s i t io n  o f the  re a c tio n  in  acetone as in  methanol i s  n o t very  p o la r .
The a c t iv a t io n  en th a lp ie s  o f  r e a c tio n  (1) (X = C£, I) were compared 
w ith  those  o f  re a c tio n  o f t e t r a e th y l t in  by th e  m ercury(II) h a l id e s ,  and 
a t r a n s i t io n  s ta te  which i s  n e a re r  to  a Tr-complex than  a a-complex was 
su g g es ted ,(5 ).
K in e tics  o f re a c tio n s  o f  p h e n y lt r ie th y l t in  by m ercury(II) ch lo rid e  
and iod ide in  so lv en t e th y l a c e ta te
. The k in e tic s  o f re a c tio n s  o f p h e n y l t r ie th y l t in  by m ercury(II) 
c h lo rid e  and iod ide in  e th y l a c e ta te  were c a r r ie d  ou t in  th e  same way as 
in  methanol (see p .172). The i n i t i a l  co n cen tra tio n s  o f  the  re a c ta n ts  
were [HgX2] = 4 x ICT1' and [PhShHt-3 3 = 8  x 10” 4 M a t  25°C. Because o f
th e  presence o f e th y l a c e ta te  in  th e  so lu tio n s  fo r  UV a n a ly s is ,  i t  was
necessary  to  c o n s tru c t a new c a l ib r a t io n  (see p . 233). This new
c a l ib r a t io n  was then  used to  c a lc u la te  th e  form al co n cen tra tio n  o f
u nreacted  m ercury(II) s a l t s  in  th e  quenched samples. A p p lica tio n  o f  th e
normal second-order r a te  equation  showed th a t  th e  values o f k 2 decreased
very  s l ig h t ly  as the re a c tio n s  passed 40-501 re a c tio n . H ence,the d a ta
were t r e a te d  as in  th e  case o f th e  re a c tio n s  in  acetone (see p . 191). I t
was found th a t  by tak ing  K = 0 .4  as th e  va lue  o f the  equ ilib rium
co n stan t fo r  equation  ( 2 ) in  e th y l a c e ta te  th e  experim ental second-order
r a te  co n stan ts  remained c o n s ta n t. I t  has been shown ( th is  work, p . I l l )
th a t  th e  re a c tio n s  o f t e t r a - a lk y l t in s  by m ercury(II) ch lo rid e  and io d id e
in  so lv en t e th y l a c e ta te  fo llow  s tra ig h tfo rw a rd  k in e t ic s  and s tag e  ( 2 )
119does n o t occur, i . e .  K = 0. C h ip p erfie ld  and co-workers have a lso  
found th a t  in  e th y l a c e ta te  th e re  i s  no complex form ation between 
MesSnBr and HgBr2. Therefore i t  i s  c le a r  th a t  s tag e  ( 2 ) does n o t p lay  a  
determ ining ro le  fo r  re a c tio n  (1) (X = C£, I ) .  The q u estio n  as. to  why 
th e  second-order r a te  co n stan ts  decrease very  s l ig h t ly  during  th e  r e a c t io n  
as in  th e  case o f th e  re a c tio n s  in  acetone remains open. But by analogy 
to  th e  re a c tio n s  o f t e t r a - a lk y l t in s  by m ercury(II) s a l t s  in  e th y l 
a c e ta te , i t  i s  c le a r  th a t  K = 0 .4  i s  n o t th e  value  o f th e  eq u ilib riu m  
co n stan ts  fo r  equation  ( 2 ) ,  and th i s  v a lu e  may be regarded  as a c o rre c tio n  
fa c to r .  The va lues o f  th e  r a te  co n stan t were c a lc u la te d  as in  th e  case o f 
th e  re a c tio n s  in  methanol where X = I (see p .173). R eaction (1)
(X = Cit, I) was c a r r ie d  ou t to  a t  le a s t  50170l re a c tio n  and a t  d i f f e r e n t  
tem peratures. R esu lts a re  g iven in  S ec tio n  16.
In fluence o f th e  su b s tra te  and th e  re a c ta n ts  in  so lv en t e th y l a c e ta te
Rate co n stan ts  fo r  re a c tio n  (1) (X = C.1, I) a t  various tem peratures
in  e th y l a c e ta te  a re  given in  S ection  16. Comparison o f th e  second-order 
r a te  co n stan ts  fo r  th i s  re a c tio n  w ith  th e  s u b s t i tu t io n  o f t e t r a e th y l t in  
by mercury (I  I) ch lo rid e  and iod ide  in  e th y l a c e ta te  (S ection  15) shows 
th a t  s u b s t i tu t io n  o f  a phenyl group w ith  an e th y l group lead s to  a 
tremendous in crease  in  the  r a t e .  For example, a t  25°C re a c tio n  (1)
(X = C£) in  e th y l a c e ta te  proceeds by a fa c to r  o f about 15 x 104 tim es
f a s te r  than  re a c tio n  (3) (X = C£) in  th i s  so lv en t. As in  methanol and 
acetone, th e  g re a te r  r e a c t iv i ty  o f phenyl in  r e la t io n  to  a lk y l i s  
connected w ith  a d i f f e r e n t  type o f  s tru c tu re  o f th e  t r a n s i t io n  s ta te  
w ith  th e  p a r t ic ip a t io n  o f th e  tt e le c tro n  system.. From th e  above fa c to r  
i t  i s  obvious th a t  re a c tio n  (1) (X = C£, I) in  e th y l a c e ta te  tak es p lace  
by s p l i t t i n g  out o f ju s t  th e  phenyl group, and equation  ( 1 ) does indeed 
re p re se n t the  sto ich iom etry  o f  the  re a c tio n .
Attempts were made to  determ ine the r a te  co n stan t fo r  re a c tio n  (1)
(X ■= OAc) in  e th y l a c e ta te , b u t even in  th i s  weakly p o la r  so lv en t and 
and reduced tem perature and co n cen tra tio n  o f th e  r e a c ta n ts ,  th e  r a te  was 
so high  th a t  the  r a te  co n stan t could no t be determ ined under the  
cond itions used fo r  re a c tio n  (1) (X = C£, I ) .  Therefore i t  i s  deduced 
th a t  th e  r a te  o f re a c tio n  (1) (X = OAc) i s  h ig h er than  (1) (X = C£, I)  in  
e th y l a c e ta te .  The e f fe c t  o f I"  ( in  th e  form o f Bu^Nl") on re a c t io n  (1)
(X = I) in  e th y l a c e ta te  was a lso  s tu d ie d . I t  was found th a t  a d d itio n  o f
an excess o f th e  s a l t  in h ib i ts  the  re a c tio n . T herefore th e  th i r d  stepw ise 
s t a b i l i t y  constan t in  the  Hg / I  system must be q u ite  h ig h , and th e  
ad d itio n  o f  I converts the  re a c tiv e  sp ec ies  H gl2 to  u n reac tiv e  sp ec ies  
H gls. From the  r e s u l ts  achieved in  th e  p re se n t work, th e  sequence o f 
r e a c t iv i ty  among the  mercury (I  I) s a l t s  i s  th a t  found in  methanol (see 
p .176) and acetone (4, p .193).
Sequence (4) in  e th y l a c e ta te  i s  n o t, however, the  same as th a t  
found fo r  th e  s u b s ti tu tio n s  o f t e t r a e th y l t in  by m ercury(II) h a lid e s  in  
th i s  so lv en t where, in  the  l a t t e r  c a ses , th e  r e a c t iv i ty  o f m ercury(II) 
iod ide  exceeds m ercury(II) c h lo r id e .( s e e .p .121) . Sequence (4) a lso  shows th a t  
n u c le o p h ilic  a s s is ta n c e  by I ” i s  no t im portant in  e i th e r  a l ip h a t ic  o r 
arom atic s u b s t i tu t io n s .
The e f fe c t  o f  added tetra-n-butylammonium p e rc h lo ra te  on the  re a c tio n  
o f p h e n y l t r ie th y l t in  by m ercury(II) ch lo rid e  in  e th y l ace ta te '
The re a c tio n  between p h e n y ltr ie th y l t in  and mercury (I I) c h lo rid e  in  
th e  presence o f tetra-n-butylam monium  p e rc h lo ra te  in  e th y l a c e ta te  was 
in v e s tig a te d  a t  25°C. D e ta ils  o f  th e  experim ent a re  given in  Table 20, 
p . 260. Since such an in v e s tig a tio n  has a lso  been c a r r ie d  ou t fo r  th e  
re a c tio n  o f t e t r a e th y l t in  by mercury (I I) ch lo rid e  in  th is  so lv e n t, i t  i s  
o f  in te r e s t  to  compare th e  e f fe c ts  o f  s a l t  on th e se  re a c tio n s . The v a lu es  
o f  k 2 / k 2 fo r  th e  two re a c tio n s  a re  given in  Table 2 (p'..200) where k 2 and k 2
in d ic a te  th e  r a te  co n stan ts  in  th e  presence and absence o f added s a l t
re sp e c tiv e ly .
From Table 2 i t  i s  seen th a t  a d d itio n  o f Bu^ NCJiOit in c reases  th e  r a te  
o f  s u b s t i tu t io n  o f  t e t r a e th y l t in  by m ercury(II) c h lo r id e , whereas in  th e  
case o f the re a c tio n  between p h e n y l t r ie th y l t in  by m ercury(II) c h lo rid e  
a d d itio n  o f th e  s a l t  re ta rd s  th e  re a c tio n  and on a d d itio n  o f more s a l t  an 
in c rease  in  th e  r a te  i s  observed. S im ila r behaviour was observed fo r  
th i s  re a c tio n  in  methanol (see p .377) and acetone. Table 2 a lso  shows 
th a t  th e  e x ten t o f  r a te  a c c e le ra tio n  in  th e  case o f a l ip h a t ic  s u b s t i tu t io n  
i s  g re a te r  than, fo r  the  arom atic s u b s t i tu t io n .  The r e s u l t s  o f  th i s  study  
show th a t  the  t r a n s i t io n  s ta te  o f th e  arom atic re a c tio n  (1) (X = C£) as
in  methanol and acetone i s  no t h ig h ly  p o la r  in  n a tu re .
TABLE 2
The e f fe c t  o f added BuyNC&O^  on re ac tio n s  o f PhSnEt3 and 
E t t^ Sn by HgC£ 2  in  e th y l a c e ta te  a t  25°C
[BuuNC&Oj x 103 
mol SL~l
PhSnEt3 /HgC£ 2 Eti*Sn/HgC&2
k2/kg
b
k 2 / k 2
0 1 1
2.5 - 1 . 2
4.97 0 .9 -
5.0 - 1.36
8.28 1.08 -
1 0 . 0 0 - 1.60
2 0 . 8 1.62 -
30.0 - 2.62
30.7 1.69 -
50.0 - 3.70
53.2 1.69 -
a -  From Table 20, p. 260. . ■ 
b -  From Table 5, p .244„(k2 and k 2 a t  315 nm)
A ctiv a tio n  param eters fo r  re a c tio n s  o f p h e n y lt r ie th y l t in
by mercury(IT) ch lo rid e  and iod ide in  e th y l a c e ta te
From a study o f tem perature dependence o f re a c tio n  (1) (X = Cft, I)
in  e th y l a c e ta te ,  th e  a c tiv a tio n  param eters were c a lc u la te d  as d escribed
on ;p . 2.35. In  each case a p lo t  o f  log k versus 1 /T y ie ld ed  a
good s tr a ig h t  l in e .  Since in  th e  c a lc u la tio n  o f E& o r th e  uncorrected
l
r a te  constan ts  were used , th e  c a lc u la te d  va lues o f E„ o r AHT a re  on th e  -a
mole f ra c t io n  s c a le . The f re e  energy o f a c t iv a t io n  a t  298 K on th e  mole
f ra c t io n  sc a le  was c a lc u la te d  a f t e r  conversion o f th e  r a te  co n s tan t in to  
u n its  o f mole f ra c t io n  1 s _1, through equation  (12) (p. 127). The r e s u l ts  
a re  given in  Table 3 below.
TABLE 5
A c tiv a tio n  param eters (on the  mole f r a c t io n  sca le) fo r  
re ac tio n s  o f PhSnEt3 by HgC&2 and Hgl2 in  e th y l
a c e ta te  a t 298 K
R eactant
AG3^
(K ca l mol” 1)
ah^
(K c a l mol-1)
ASxf  
(c a l deg- 1mol-1 )
PhSnEt3 + HgC&2 15.30 ± 0 . 0 1 2 a 6 .7  ± 0 .07a -28 .9  ± 0 .3 a
PhSnEt3 + Hgl2 16.48 ± 0 . 0 1 2 3.3  ± 0 .0 7 a -4 4 .0  ± 0 .3 a
a -  The e r ro rs  have been c a lc u la te d  assuming th a t  th e  s tan d ard  e r ro r  
in  th e  r a te  constan t i s  2 1 .
The conclusion  regard ing  the  a c t iv a t io n  en th a lp ies  fo r  th e  re a c tio n s
in  e th y l a c e ta te  (see Table 3) i s  th e  same as th a t  drawn fo r  th e  re a c tio n s
in  methanol (see p . l 8 Z) and acetone. The extrem ely low values o f AH 1
xi
a re  com patible w ith  some form o f in te rm ed ia te . The values o f  AS ' fo r  
m ercury(II) iod ide rea c tio n  i s  lower than  th a t  o f  m ercury(II) c h lo r id e , 
and suggests th a t  in  so lu tio n  m ercury(II) ch lo rid e  i s  more so lv a ted  than  
the  iod ide  and hence i s  n eare r to  th e  so lv a ted  t r a n s i t io n  s t a t e .
I t  should be noted th a t  re a c tio n  ( 1 ) (X = C£, I) in  so lv en ts  
methanol, aqueous methanol (Table 5 , p . 184), acetone (Table 1, p . 194)
and e th y l a c e ta te  i s  governed by th e  en thalpy  f a c to r ,  s in ce  th e  va lues o f
AS" ■ fo r  th e  arom atic s u b s tra te , PhSnEt3. a re  s im ila r  to  those fo r  tn e
a l ip h a t ic  (E t4Sn) re a c tio n  (Table 11, p .129). T herefore they  a re  c le a r ly
not c h a r a c te r is t ic  o f any p a r t ic u la r  mechanism.
Conclusion o f th e  work in  e th y l a c e ta te
R eaction (1) (X = C&, I) in  e th y l a c e ta te  was s tu d ied  k in e t ic a l ly .
I t  was shorn th a t  equation  (1) rep re sen ts  th e  s to ich iom etry  o f th e  
re a c tio n .
Reaction (1) (X = C&, I) follow s second-order k in e t ic s ,  f i r s t - o r d e r  
in  ead i re a c ta n t .  By comparison w ith  th e  s u b s t i tu t io n  o f t e t r a e th y l t in  
by m ercury(II) ch lo rid e  and iod ide  in  e th y l a c e ta te  i t  was suggested th a t  
s tag e  (2) (X = C&, I) fo r  re a c tio n  (1) (X = C&, I) does no t
take  p lace  (see p . 197).
As in  so lv en t acetone o r m ethanol, i t  was found th a t  mercury (I I) 
a c e ta te  re a c ts  f a s te r  than  ch lo rid e  and ch lo rid e  re a c ts  f a s te r  than  
io d id e . I t  was a lso  found th a t  Hgl3 i s  u n reac tiv e  by comparison w ith  
Hgl2 .
The e f fe c t  o f added tetra-n-butylammonium p e rch lo ra te  on re a c tio n  
(1) (X = CZ) in d ic a ted  a t r a n s i t io n  s ta te  o f only low p o la r i ty .
From th e  a c tiv a tio n  en th a lp ie s  o f re a c tio n  (1) (X = C&, I ) ,  a 
t r a n s i t io n  s ta te  s ta te  such as (5) which resem bles more a ir-complex than  
a.a-com plex was suggested.
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SECTION 11
I N IT IA L - S T A T E  AND TRANSIT ION-STATE SOLVENT EFFECTS 
WITH PHENYLTRIETHYLTIN
D issec tio n  o f  so lv en t e f fe c ts  on AG1 in to  i n i t i a l - s t a t e  
and t r a n s i t io n - s ta te  co n tr ib u tio n s
In  terms o f t r a n s i t io n  s ta t e  theo ry  th e  so lv en t e f f e c t  on any
a c tiv a t io n  param eter can be considered  as th e  r e s u l ta n t  o f th e  so lv en t
e f fe c t  on th e  i n i t i a l  s ta te s  o f th e  v ario u s  re a c ta n ts  and th e  so lv en t
108e f fe c t  on th e  t r a n s i t io n  s t a t e .  By th e  method o f Abraham i t  i s  
p o ss ib le  to  deduce from th e  a c t iv a t io n  param eters th e  sep a ra te  so lv en t 
e f f e c t  on th e  t r a n s i t io n  s ta te  and th e  v ario u s  re a c ta n ts  fo r  re a c tio n
(1) (X = CZ, I ) .
PhSnEts + HgX2 + PhHgX + E t3SnX (1)
l
In  th e  p re sen t work th e  v a r ia t io n s  o f AGT fo r  re a c tio n  (1) (X = CZ, I) 
when so lv en t methanol i s  rep laced  by o th e r so lv en ts  have been d is s e c te d  
in to  i n i t i a l -  and t r a n s i to n - s ta te  c o n tr ib u tio n s  through equation  ( 2 ) :
AG°(Tr) = AG°(PhSnEt3) +.AG°(HgX2) + 6 AGT (2)
where AG°(X), Tr and 6 AG' are  as d efined  b efo re  ( p .85 ) .  The va lu es
o f AG° (PhSnEt3) fo r  t r a n s f e r  from methanol to  o th e r so lv en ts  have been
determ ined through a g a s - liq u id  chrom atographic method (see S ections 8
and 18 ). The va lues o f AG°(HgX2) (X = CZ, I) fo r  t r a n s f e r  from methanol
to  o th e r so lv en ts  were determ ined through s o lu b i l i ty  measurements (see
Sections 8  and 17 ). The values o f AG°(X) fo r  t r a n s f e r  from methanol to
i  i  1 '
aqueous methanol a re  given in  Table 1 , where 6 AGT = AGJ -  AG|.
TABLE 1
Free energ ies o f  t r a n s f e r  (on th e  molar sca le ) from MeOH
to  Me0 H~H2 0  m ixtures o f  PhSnEt3 , HgC&2 and the 
[PhSnEt3 /HgCL2 3 ^ t r a n s i t io n  s ta te  (c a l mol 1) a t  298 K
MeCH(v/v)
X(MeOH) AG' SAG^
AG°
a0 PhSnEt3b HgC«.2C Tr
1 0 0 1 14700 0 0  0 0
98 0.956 14560 -140 346 34 240
94 0.874 14490 - 2 1 0 582 110 482
a -  C alcu la ted  from the  
b -  Taken from Table 5,
d a ta  in  
p .167.
Table I 
c -
3, p . 254.
Taken from Ref. 108.
The sm all red u c tio n  in  AG^  as methanol i s  rep laced  by aqueous methanol 
i s  seen to  be due e n t i r e ly  to  an in c rea se  in  the  f re e  energy o f  th e  re a c ta n ts
"I Q O
S im ila r analyses which have been rep o rted  fo r  the  re a c tio n s  o f  t e t r a -  
a lk y lt in s  by m ercury(II) ch lo rid e  show th e  same tre n d  as fo r  th e  re a c tio n  o f  
p h e n y l t r ie th y l t in  by th e  same e le c t r o p h i le . I t  has been shown th a t  th e  
t r a n s i t io n  s ta t e  o f  the  former re a c tio n s  c a rry  s u b s ta n tia l  se p a ra tio n  o f  
charge, thus some in form ation  m ight be gained i f  the values o f  AG°(Tr) o f  
th ese  re a c tio n s  were compared w ith  those  fo r  th e  [PhSnEt3/HgC£2 ]^  t r a n s i t io n  
s ta te  (Table 2 ).
TABLE 2
Free energ ies o f  t r a n s f e r  (on th e  m olar sca le )  from MeOH 
to  Me0H-H20 m ixtures o f some Rt+Sn/HgC&2 and PhSnEt3 /HgC&2 
t r a n s i t io n  s ta te s  (c a l mol 1) a t  298 K
Mole f ra c t io n AG° [RltSn/HgC^ 2  ] a A° tricun
in  so lv en t R = Me Et r, nPr Bu11 [PhSnEtit/HgC£ 2 ] ^
1 0 0 0 0 0
0.956 -9 0 49 1 1 1 240
0.874 -7 39 195 355 482
a -  Taken from Ref. 108. b -  Taken from Table 1.
The values o f  AG°IPhSnEt3 -HgCL2J b should be compared w ith  those  
^G£ [£ti»Sn-Hgux,2 ] i o r Ac:' [PrVSn-HgC&2 J *. s in ce  th e  m olar volume
o f PhSnEt3 a t  298 K (V = 227 ml mol" ) i s  in  between th e  values o f
119 and 266 ml mol" 1 a t  298 K fo r  E t4Sn and Pr?Sn r e s p e c t iv e ly " ^ .
o ^I t  i s  seen th a t  the  values o f AG^[PhSnEt3 -HgC&2 ] T a re  much la rg e r  than  
th e  values fo r  IEti,Sn-HgC£2 ] ^ or [Pr]?Sn-HgC&iJ ^ o r even [Bu?Sn-HgCL2 ] ^ 
t r a n s i t io n  s ta t e s .  I t  i s  th e re fo re  concluded th a t  th e  t r a n s i t io n  
s ta te s  o f th e  re a c tio n s  o f  t e t r a - a lk y l t in s  by m ercury(II) ch lo rid e  are  
more p o la r  than  th e  t r a n s i t io n  s ta t e  invo lv ing  phenyl t r i e t h y l t i n .  The 
r e s u l t s  th e re fo re  confirm  th e  suggestion  a lread y  made from the  s a l t  
e f f e c t  s tu d ie s  (see p .177). .
The e f f e c t  o f so lv en t on AG*  ^ fo r  re a c tio n  (1) (X = C£, I) when 
so lv en t methanol i s  rep laced  by acetone o r e th y l a c e ta te  may a lso  be 
d isse c te d  in to  i n i t i a l - s t a t e  and t r a n s i t io n - s t a t e  co n trib u tio n s  through 
equation  (2 ). The r e s u l ts  are  given in  Table 3 (p. 207).
Comparison o f AG°(Tr) va lues fo r  re a c tio n s  o f p h e n y lt r ie th y l t in  
by m ercury(II) ch lo rid e  (Table 3) w ith  those  fo r  re a c tio n s  o f t e t r a -  
e th y l t in  by th e  e le c tro p h ile s  (Table 16, p . 137), shows th a t  th e  va lues
a re  r a th e r  c lo se . On th e  o th e r hand, i t  was shown th a t  the  p o la r i ty  o f
4= +[PhSnEt3/HgX2]T t r a n s i t io n  s ta t e  i s  n o t th e  same as [R!tSn/HgX2]
t r a n s i t io n  s ta t e  (see pp. 176-182, 193, 199). An attem pt was made to  
analyse th e  va lues o f AG°(Tr) in to  n o n e le c tro s ta t ic  (AG°) and e le c t r o ­
s t a t i c  (AG°) c o n tr ib u tio n s  through equation  (3 ):
V
AG? = AG° + AG° (3)t  n e
-  v  wThe molar volume o f PhSnEt3 was ob ta ined  from equation  V = ~ — 
where V i s  molar volume in  ml m ol"1, M.W. i s  th e  m olecular w eight and 
p i s  the  d e n s ity . The value o f p2 5  was determ ined to  be 
1.248 g rs/m l.
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Free energ ies o f t r a n s f e r  (on th e  mole f ra c t io n  sca le) 
from MeOH to  Me^ CO and EtOAc o f  PhSnEt3 , HgC&z and th e  
PhSriEt3 /HgX2 t r a n s i t io n  s ta te  a t  298 K fK c a l mol’"1)
Solvent 6 AGX^
<
PhSnEt3b HgC£2C Tr
MeOH 0 0 0 0
Me 2 CO 1.26 -1.49 -0.15 -0 .38
EtOAc 2.49 -1 .84 0.40 1.05
Solvent 6 AGX^
, , , 0
t
PhSnEt3b HgI2C Tr
MeOH 0 0 0 0
Me 2 CO 1 . 0 0 -1 .49 0.18 -0 .31
EtOAc 2.80 • -1 .84 0.28 1.24
a -  Deduced from Table 5, p . 184. 
b -  Taken from Table 4 , p . 167. 
c -  Taken from Table 16, p .137.
The va lues o f  AG^  o f a number o f nonelectro ly t.es (AG  ^ = AGn) fo r  
t r a n s f e r  from methanol to  acetone and e th y l a c e ta te  a re  known (Table 4 ,
p . 208.
The values o f AGn (Table 4) were p lo t te d  a g a in s t the  corresponding 
values o f molar volume (V) ( p lo t s . n o t shown) . The approximate va lu es  
o f AG^  fo r  [PliShE1 3 /HgCil2] w ith  V -  309 ml mol 1 and [E t4 Sn/HgC£2J w ith. 
V = 281 ml mol 1 were then ob tained  from th e  p lo ts .  I t  was found th a t
o ^the values of AGg fo r [PhSnEt3/HgC£2 ] t ra n s it io n  s ta te  fo r tra n s fe r
from methanol to  acetone and e th y l a c e ta te  a re  s im ila r  to  those fo r
[Et^Sn/HgCJ^J^ t r a n s i t io n  s ta t e  fo r  the  same t r a n s f e r .  I t  i s  thought
th a t  such analyses do n o t y ie ld  s a t i s f a c to ry  r e s u l t s ,  p o ss ib ly  because
in flu en ces  due to  hydrogen bonding o f methanol a re  included in  th e  AG°
v a lu es . On th e  o th e r hand, such analyses on th e  values o f AG°
[Rt*Sn/HgC&2 3 ^ t r a n s i t io n  s ta te s  w ith  so lv en ts  a c e to n i t r i l e , acetone and
e th y l a c e ta te  (where no hydrogen bonding e f fe c ts  a re  p o ssib le )  do y ie ld
reasonable r e s u l t s  fo r  th e  a l ip h a t ic  s u b s t i tu t io n s  (see p .143).
TABLE 4
Values o f AG° (ca l mol 1) o f  some n o n e le c tro ly te s  fo r  
t r a n s f e r  from MeOH to  Me2 Co and EtOAc a t  298 K 
(on the  mole f ra c t io n  sca le )
N onelectro ly te
V AG°n
(ml mol” 1) MeOH Me2 C0 EtOAc
E t la 81 0 -790 - 1 0 2 0
Toluene0 107 0 -958 -1244
MeijSn^ 139 0 -804 -1231
n-octane° 164 0 -926 -1439
Et„Snb 199 0 -927 -1539
a -  From Ref. 128. 
b -  From Ref. 136. 
c -  From Ref, 129.
SECTION 12
GENERAL DISCUSSION, CONCLUSION AND SUGGESTIONS 
FOR FURTHER WORK
Aliphatic electrophilic substitution reactions in -which metal
carbon bonds are  cleaved by o th e r m etal con ta in ing  groups, have been
w idely s tu d ied . I t  has been shown th a t  s a l t  and so lv en t e f fe c ts  are
4
o f  importance in  e lu c id a tio n  o f  the  mechanism o f th ese  re a c tio n s  .
In  c o n tra s t ,  arom atic e le c tro p h i l ic  s u b s t i tu t io n  re ac tio n s  invo lv ing  
m etal fo r  m etal exchanges have n o t been as f u l ly  in v e s tig a te d ; in  
p a r t ic u la r  th e  number o f re p o rts  concerning s a l t  and so lv en t e f fe c ts  
s tu d ie s  on th ese  re a c tio n s  i s  very  sm all. In  a d d itio n , where such 
s tu d ie s  have been c a r r ie d  o u t, they  a re  no t in  d e ta i l  and a re  sometimes 
incom plete.
Dessy and L e e ^ ’^  have s tu d ied  th e  re a c tio n  o f diphenylm ercury 
w ith  m ercury(II) io d id e , (1 ), in  d i f f e r e n t  so lv en ts  (see p . 52)* The 
e f fe c ts  o f  added w ater and o f  one p a r t ic u la r  s a l t  (L il)  on re a c tio n  (1) 
in  dionane were a lso  in v e s tig a te d .
Ph2Hg + Hgl2 2PhHgI (1)
The re a c tio n  o f phenylm ercury(II) bromide by m ercury(II)*  s a l t s
(2) in  methanol have been s tu d ied  by Reutov e t  a l ^ .
PhllgBr + Hg*X2 + PhHgBr + HgX2 (2)
A b r ie f  study o f e f fe c ts  o f  added w ater and KC&Oi* on re a c tio n  (2)
(X = Br) has a lso  been c a r r ie d  o u t.
O ther m etal fo r  m etal arom atic s u b s t i tu t io n  re a c tio n s  have been 
s tu d ied  where e i th e r  r a te  measurements were n o t p o ss ib le  o r r a te  
measurements y ie ld ed  in c o n s is te n t value o f  th e  r a te  c o n s ta n ts . For 
example, th e  re a c tio n s  o f s u b s ti tu te d  p h en y ltrim c th y ls lla n e  by 
m ercury(II) a c e ta te ,  (3) . in  g la c ia l  a c e t ic  ac id  have been s tu d ie d  by
n q  n  y
d if f e r e n t  in v e s tig a to rs ~~J1 and provide an example fo r  th e  case  where
in c o n s is te n t values o f th e  r a te s  have been ob tained  (see p . 62 ) .
XCetUSiMes + Hg(QAc) 2 ^  XC6H4HgOAc + Me3SiOAc (3)
In c o n s is te n t r e s u l t s  have a lso  been ob tained  from th e  study o f the
re a c tio n  between benzeneboronic ac id  and phenylm ercury(II) p e rc h lo ra te
7 f iin  v ario u s  b u ffe r  so lu tio n s  (see p . 6 0 ) .  An example o f the  case
where no r a te  measurements have been made i s  th e  re a c tio n s  o f
s u b s ti tu te d  phenyl t r i e t h y l t i n  by mercury (I I) a c e ta te , (4) , in  ' THF
where only  th e  r e la t iv e  r a te s  (w ith re sp e c t to  p h e n y ltr ie th y lt in )  have 
79been ob ta ined  (see p . 65).
XC6Hi*SnEt3 + Hg(OAc) 2 + XC6H4HgOAc + E t3SnOAc (4)
The p re sen t work (d iscussed  in  Sections 9 to  12 ) was d ire c te d  
no t only to  develop th e  study  o f arom atic e le c tro p h i l ic  s u b s t i tu t io n  
re a c tio n s  involv ing  m etal fo r  m etal exchanges, bu t a lso  to  s tudy  th e  
e f fe c ts  o f  added s a l t s  and so lv en t e f fe c ts  on th ese  re a c tio n s . For th e  
study o f th ese  e f fe c ts  th e  re a c tio n s  o f  p h e n y ltr ie th y l t in  w ith  
m ercury(II) h a lid e s  were chosen. K in e tic  s tu d ie s  on th ese  re a c tio n s
i
were c a r r ie d  out in  p ro t ic  as w ell as a p ro tic  so lv e n ts . The s t o i ­
chiom etry o f th e  re a c tio n s  i s  expressed by equation  (5 ):
PhSnEt 3 + HgX2 + PhHgX + E t3SnX (5)
In  a l l  the  so lv en ts  s tu d ied  re a c tio n  (5) (X = C&, I) fo llow s second-order 
k in e t ic s ,  f i r s t - o r d e r  in  each re a c ta n t .
I t  was shown th a t  th e  change in  th e  re a c tio n  r a te  fo r  r e a c tio n  (5)
(X = C&, I) in  comparison w ith  re a c tio n  ( 6 ) (X = C£, I) in  so lv en ts  
methanol, acetone and e th y l a c e ta te  i s  due m ainly to  th e  en tha lpy  term .
EtijSn + HgX2 EiHgX + E t3SnX (6 )
64Whereas th e  work of Dessy and Lee on th e  re a c tio n s  o f d ialkylm ercury 
compounds and diphenylm ercury w ith  mercury (I  I) iod ide in  dioxane shows 
th a t  th e  e n t i r e  change in  re a c tio n  r a te  fiom a lk y l to  a ry l i s  due to  the  
entropy term .
The values o f AH^  and AS  ^ fo r  re a c tio n  (1) in  th e  coo rd ina ting
so lv en ts  e thanol and dioxane a re  q u ite  h igh , and in  so lv en ts  cyclo -
hexane and benzene are  low (see p . 55 ). Whereas in  th e  case o f re a c tio n
(5 ) , when so lv en t methanol i s  changed to  acetone o r e th y l a c e ta te ,  th e
l
re a c tio n  i s  accompanied by a red u c tio n  in  AHT counteracted  by a very  
la rg e  red u c tio n  in  AST.
The e f fe c t  o f  added w ater on re a c tio n  (5) (X = CL) in  methanol was
s tu d ie d . I t  was found th a t  a d d itio n  o f  w ater to  th e  so lv en t medium
m ild ly  in creased  th e  r a te  o f  th e  re a c tio n . The e f fe c t  i s  q u ite  comparable
73w ith  th a t  found fo r  re a c tio n  (2) (X = Br) in  methanol . The e f f e c t  o f 
w ater on re a c tio n  (5) (X = CL) in  methanol i s  a lso  q u a l i ta t iv e ly  th e  
same as th a t  fo r  re a c tio n  (1 ) in  d io x a n e ^ .
The o rd er o f r e a c t iv i ty  among th e  m ercury(II) s a l t s  fo r  re a c tio n  
(5) i s  s im ila r  to  th a t  found by an u n s a tis fa c to ry  method (com petition  
method) fo r  re a c tio n s  o f diphenylm ercury by m ercury(II) s a l t s  in  
d io x a n e ^ . The sequence o f r e a c t iv i ty  among th e  m ercury(II) s a l t s  fo r  
r e a c tio n  (2 ), as in  the  case o f re a c tio n  (5 ), i s  in  accordance w ith  the  
io n ic i ty  o f th e  m ercury(II) s a l t s .
I t  has been shown th a t  a d d itio n  o f th e  in e r t  s a l t  KCLOt* on 
re a c tio n  (2) (X = Br) in  methanol has no e f fe c t  on th e  r a te  o f  th e  
r e a c t io n 7^ . A s im ila r  e f f e c t  has a lso  been observed from th e  study  o f 
th e  e f f e c t  o f L il on re a c tio n  (2) in  d io x a n e ^ . In  th e  p re sen t work 
d e ta ile d  s a l t  e f fe c t  s tu d ie s  were c a r r ie d  out on re a c tio n  (5) (X = CL)
in  so lv en ts  m ethanol, acetone and e th y l a c e ta te . In  so lv en t m ethanol, 
in  p a r t ic u la r ,  a number o f in e r t  s a l t s  were in v e s tig a te d  in  g re a t 
d e t a i l .
I t  was found th a t  in  a l l  th e  so lv en ts  ad d itio n  o f in e r t  s a l t s  
decrease th e  r a te ;  however, on ad d itio n  o f more s a l t  an in c rease  in  
th e  r a te  was observed. The r e s u l ts  ob ta ined  from th e  s tu d ie s  o f added 
w ater and added in e r t  s a l t s  on re a c tio n  (5) (X = CL) le d  to  th e  
conclusion  th a t  th e  t r a n s i t io n  s ta t e  o f  the  re a c tio n  must no t be h ig h ly  
p o la r . A c tiv a tio n  param eters fo r  r e a c tio n  (5) (X = CL, I) in  a l l  th e  
so lv en ts  s tu d ie d  were a lso  determ ined (see Sections 9 and 10) , and a * 
mechanism was suggested fo r  th e  re a c tio n . The r e s u l ts  o f th i s  s tudy  
suggest th a t  th e  re a c tio n s  o f th e  k ind in v e s tig a te d  in  th i s  work ( i . e . (5)
(X = CL, I) may provide s u ita b le  systems fo r  in v e s tig a tio n s  o f s a l t  
and so lv en t e f fe c ts  on c la s s ic a l  e le c tro p h i l ic  arom atic s u b s t i tu t io n s .
I t  has been shown th a t  i f  th e  r a te  determ ining s te p  fo r  an arom atic 
re a c tio n  involves a a-complex, then  a l in e a r  c o r re la t io n  i s  expected 
between th e  su b s ti tu e n t e f f e c ts  and a constan ts  (a-complex o f Brown) 
o r b e t t e r ,  between su b s ti tu e n t e f fe c ts  and com bination o f a co n s tan ts  
and a co n s ta n ts . Table 1, p .26 shows th a t  th e  e f f e c t  o f  s u b s t i tu e n t  
fo r  the  re a c tio n s  which proceed through a-complexes i s  n o t th e  same as 
those which proceed v ia  Tr-complexes. Whereas th e  s t a b i l i t y  o f a-complexes . 
i s  s tro n g ly  a f fe c te d  by th e  number as w ell as th e  p o s it io n  o f 
s u b s t i tu e n ts ,  th e  s t a b i l i t y  o f  ir-complexes i s  a f fe c te d  much le s s .  Study 
o f  th e  e f f e c t  o f  su b s ti tu e n ts  in  th e  para  p o s it io n  on th e  re a c t io n  o f  
phenylmercury bromide by mercury* ( I I )  brohiide, ( 2 ) ,  in  methanol shows 
th a t  th e  s e le c t iv i ty  o f the  re a c tio n  i s  very  high  (Table 1) and a lso  a 
c o r re la tio n  does e x is t  w ith  th e  Brown o co n s ta n t. This c o r re la t io n  
was suggested to  be due to  the  sm all magnitude o f th e  n u c le o p h ilic
cooperation  in  t h i s  re a c tio n  lead ing  to  th e  r e a l iz a t io n  o f a c losed
73s tru c tu re  in  th e  t r a n s i t io n  s t a t e  o f  th e  re a c tio n  .
The e f fe c t  o f  s u b s ti tu e n ts  in  th e  para  p o s it io n  on the  re a c tio n  o f 
diphenylmercury by mercury ( I I )  iod ide  in  dioxane (Table 1) i s  r a h te r
s im ila r  to  the  above case , and a closed  t r a n s i t io n  s ta t e  has been suggested
64 ofo r  th e  re a c tio n  . From a p lo t  o f log k 2 5  values (Table 2, p . 53) versus
a v a lu e s , a value o f  P = -5 .87  was ob ta ined . This value  was suggested to
in d ic a te  th e  im portance o f th e  e le c tro p h i l ic  a tta c k  on carbon ra th e r  than
on m ercury. Hie value  i s  q u ite  comparable w ith  a value  o f P = -6 .3  found
2 •f-1 •
from th e  s u b s ti tu e n t e f fe c ts  on re a c tio n  o f Ar-Co (EH) 2H20 w ith  Hg
On the  o th e r hand, the  e f f e c t  o f s u b s titu e n ts  in  th e  benzene r in g  on va lues
o f log k .fo r  th e  re a c tio n  o f Ar2Hg w ith  m ercury(II) cyanide and b i s -
+(phenylethynyl) mercury does n o t c o r re la te  w ith  th e  o co n stan t o f  Brown.
75I t  was suggested th a t  th e  s tru c tu re  o f th e  t r a n s i t io n  s ta t e  fo r  th is
re a c tio n  is  f a r  from the  s tru c tu re  o f the  Wheland in te rm ed ia te  (a-complex)
and i s  in term ed ia te  between a a -  and a m-complex, A s im ila r  s i tu a t io n  has
79a lso  been observed fo r  th e  re a c tio n s  o f phenyl- and s u b s t i tu te d  phenyl­
t r i e t h y l t i n  by m ercury(II) a c e ta te  in  THF (Table 1) where no c o r re la t io n
/
+e x is ts  between log  k values and a co n stan ts  o f  Brown, and a ir-complex t r a n s i t i o  
s ta te  was suggested as a p o s s ib i l i ty .  The re a c tio n s  o f phenyl- o r s u b s t i tu te d  
p h en y ltrim e th y ls ilan e  by m ercury(II) a c e ta te  in  g la c ia l  a c e t ic  a c id  a re  
no t a ffe c te d  very  much by th e  s u b s ti tu e n ts  (see p p .62-63) . T herefo re  i t  
i s  q u ite  p o ss ib le  th a t  th e  re a c tio n s  involve ir-complexes as in te rm e d ia te s .
The importance o f th e  study o f th e  e f f e c t  o f s u b s ti tu e n ts  on 
re a c tio n s  involv ing  m etal fo r  m etal exchanges i s  rev ea led  from th e  above 
s tu d ie s ,  and i t  i s  th e re fo re  suggested th a t  fu r th e r  work on th e  re a c tio n  
o f p h e n y ltr ie th y lt in  by m ercury(II) s a l t s  should include d e te rm in a tio n  o f  
s u b s ti tu e n t e f fe c ts  on th e  re a c tio n  r a te s .
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EXPERIMENTAL
SECTION 13
PREPARATION AND PURIF ICATION OF MATERIALS
P rep ara tio n  and p u r if ic a t io n  o f  re a c ta n ts
T e tra -a lk y lt in s
T etram ethy ltin  and t e t r a e th y l t in  were g i f t s  from Dr M H Abraham, 
and were d i s t i l l e d  under reduced p re ssu re . The middle f ra c tio n s  b o il in g  
a t  co n s tan t tem perature were c o lle c te d  and s to re d  in  the  dark . The 
p u r i t ie s  o f  the  f in a l  compounds were checked by GLC. No observable 
im purity  was d e tec ted  fo r  any o f  th ese  two te t r a - a lk y l t in s .  The b o il in g  
p o in ts  a re  given in  Table 1 .
TABLE 1
The b o ilin g  p o in ts  o f  te t r a - a lk y l t in s  used in  t h i s  work
Compound Found b .p ./°C L ite ra tu re Ref
T etram ethy ltin 77-78/760 mm* 78/760 mm 35
T e tra e th y lt in 64/ 12 mm 65/ 12 mm it
*
mm denotes mm o f  mercury.
P rep ara tio n  o f  p h e n y ltr ie th y l t in
( i)  P rep ara tio n  o f  t r i e t h y l t i n  ch lo rid e
T e tra e th y lt in  (55.5 g, 0.2363 mol) was p laced  in  a 250 ml round 
bottomed f la s k  equipped w ith  a v e r t ic a l  a i r  condenser, and anhydrous 
tin (IV ) ch lo rid e  (20.47 g, 0.0788 mol) was c a re fu l ly  added. The m ixture 
spontaneously warmed up to  about 90°C. The f la s k  was h ea ted  on a steam 
b ath  fo r  45 m inutes, and then  an o i l  b a th  a t  200°C fo r  2 hou rs. The 
re a c tio n  m ixture was then f ra c tio n a te d  under w ater pump vacuum and 
t r i e t h y l t i n  c h lo rid e  (about 48 g) was c o lle c te d  a t  89-92°C/15 mm.
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(ii) Preparation of phenyltrietliyltin
A c ry s ta l  o f  iod ine  was p laced  in  a c lean  and d rie d  1 l i t r e  
3-necked QQ f la s k  and was covered w ith  magnesium tu rn in g s  (4 g) and 
then l e f t  overn ig h t. The f la sk  was equipped w ith  a s t i r r e r ,  r e f lu x  
condenser, s e p a ra tin g  (dropping) funnel and calcium  c h lo rid e  tubes and 
was then  assembled on a steam b a th .
Bromobenzene (16 g) was d isso lv ed  in  d r ie d  e th e r  (150 ml) and a 
p o r tio n  o f  th a t  was added to  the  m ixture. The m ixture was s t i r r e d  and 
more bromobenzene was added so th a t  th e  re a c tio n  m ixture was g en tly  
re flu x ed . I t  was re flu x ed  fo r  30 minutes more on the  steam b a th , then  
allowed to  cool and t r i e t h y l t i n  c h lo rid e  (40 g) was gen tly  added from the  
sep a ra tin g  funnel, so as to  m ain tain  r e f lu x . A fte r  ad d itio n  o f  
t r i e t h y l t i n  ch lo rid e  the  m ixture was re  fluxed  fo r  1\  hou rs, then  cooled 
to  room tem perature and a fu r th e r  q u an tity  o f  d rie d  e th e r  (150 ml) was 
c a re fu lly  added. The m ixture was then  decomposed by th e  dropwise 
a d d itio n  o f  ic e  co ld  w ate r, follow ed by 2N-HC& (50 m l) . The m ixture was 
s t i r r e d  u n t i l  a l l  the  p r e c ip i ta te  in  th e  f la s k  had been d isso lv e d , then  
the  e th e r/w a te r  m ixture was tra n s fe r re d  to  a  la rg e  se p a ra tin g  funnel and 
the  aqueous la y e r  was run  o f f .  The e th e re a l la y e r  was washed w ith  
2N-HCJI (SO m l), w ater (100 m l), 2N-ammonia (50 ml) , 2 N-H2 S0 i* (50 m l), and 
f in a l ly  tw ice w ith  w ater (200 m l). The e th e re a l  la y e r  was sep a ra ted  and 
d rie d  w ith  anhydrous sodium su lp h ate  overn ig h t.
The sodium su lp h ate  was f i l t e r e d  o f f  and a stream  o f ammonia from a 
cy lin d e r  was passed through the s o lu tio n  fo r  30 m inutes; no p r e c ip i ta te  
was formed. The so lu tio n  was f i l t e r e d  aga in , e th e r  was d i s t i l l e d  o f f  
under th e  w ater pump, and then p h e n y ltr ie th y lt in  was d i s t i l l e d  a t  
74-77°C/0.1S mm ( L i t . “^  128.5VC/12 mm). The NMR spectrum was c o n s is te n t 
w ith  p h e n y ltr ie th y lt in  being  the only sp ec ies  p re se n t.
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Found: C 50.631; H 6.95%
Required fo r  C1 2 H2 0 Sn: C 50.93%; H 7.12%
lc  M ercury(II) s a l t s
AnalaR grade m ercury(II) ch lo rid e  and lab o ra to ry  grade m ercury(II) 
io d id e , bo th  from BDH, were r e c r y s ta l l i s e d  tw ice from methanol and d rie d  
a t  65°C a t  a p ressu re  o f  1-2 mm o f  mercury u n t i l  no fu r th e r  lo ss  in  
w eight occurred . M ercury(II) a c e ta te  (BDH lab o ra to ry  grade) was 
r e c ry s ta l l i s e d  tw ice from g la c ia l  a c e tic  a c id .
Mercury (II )-p ro p io n a te  and -£ -ch lo roprop ionate  were g i f t s  from 
D F Dad jo u r , and were used w ithou t fu r th e r  p u r if ic a t io n .  Mercury (I  I) 
p iv a la te  was p repared  by re flu x in g  a so lu tio n  o f  p iv a l ic  a c id  
( tr im e th y la c e tic  acid ) in  methanol w ith  mercury (I I)  oxide. The h o t 
m ixture was f i l t e r e d ,  and on coo ling  the c le a r  f i l t r a t e ,  m ercury(II) 
p iv a la te ,  c r y s ta l l i s e d  o u t, and was r e c ry s ta l l i s e d  tw ice from e th y l 
a c e ta te  con ta in ing  a tra c e  o f  p iv a l ic  a c id . Spectrophotom etrie a n a ly s is  
o f  th i s  compound showed a p u r ity  o f  99.98%. The m elting  p o in ts  o f  the  
m ercury(II) s a l t s  a re  given in  Table 2 .
TABLE 2
The m elting  p o in ts  o f m ercury(II) s a l t s  used in  th is  work
Compound Foundmp/°C L ite ra tu re Ref
M ercury(II) ch lo rid e 268 277 151a
Mercury(1 I ) iod ide 256-257 257 151b
MercuryClI) a c e ta te 170 170-172 128
M ercury(II) p rop ionate 3.05 108-110 152
Mercury ( I I )  3 -ch lo ropropfonate 1 2 0 1 2 2 . 153
Mercury (d i) p iv a la te 235-236 215 116
Purification of solvents
Methanol
Laboratory grade methanol was ob ta ined  from BDH. I t  was f i r s t  
re  fluxed  fo r  30 minutes and then  d i s t i l l e d  under an atmosphere o f  
n itro g en . The middle co n s tan t b o il in g  f ra c t io n  was c o lle c te d  
(bp 64-64 .5°C ,L it. " ^ 6 4 . 5°C) . The w ater co n ten t o f  the  d i s t i l l e d  methanol 
was determ ined by GLC, and was found to  be le s s  than  0.28% by w eight.
The m ethanol-w ater m ixtures were p repared  by w eight, and the  w ater 
co n ten t o f  the  f re sh ly  d i s t i l l e d  methanol was taken  in to  account.
/ . E thyl a c e ta te
AnalaR grade e th y l a c e ta te  from BDH was passed  slow ly through a 
2 f t  column o f  m olecular s iev es  (4A, 1/16” in  p e l l e t s ) ,  and then  
d i s t i l l e d  under n itro g e n . The middle co n stan t b o il in g  f ra c t io n  was 
c o lle c te d  (bp 76-76.5 °C ,L it.^ 5^77.1°C ). The w ater co n ten t o f  the  
d i s t i l l e d  e th y l a c e ta te  was found by GLC to  be 0.1% by w eight.
Acetone
AnalaR grade acetone from BDH was passed  through a 2 f t  column o f
m olecular s iev e  (4A, 1/16” in  p e l l e t s ) ,  and then  d i s t i l l e d  under n itro g e n ,
the  middle co n stan t b o il in g  f ra c t io n  being  c o lle c te d  a t  56°C (L it .-^ 5 6 ° C )  .
Hie w ater co n ten t o f  th e  middle f ra c t io n  was found by D F Dad jo u r  to  be
116
le s s  than  0.005% by w eight
Preparation of other materials
Tetra-n-butylammonium p e rc h lo ra te
This was prepared  by th e  a d d itio n  o f  aqueous p e rc h lo ric  ac id  to  an 
aqueous so lu tio n  o f  tetra-n-butylam monium  hydroxide. The p e rch lo ra te  
p re c ip i ta te d  out and was f i l t e r e d  o f f ,  washed se v e ra l tim es w ith  co ld  
d i s t i l l e d  w ater, and then  r e c r y s ta l l i s e d  from m ethanol-w ater (1 : 1 . v /v) 
and d r ie d . The p roduct had mp 213-214°C ( L i t . ^ ^  2.3°C ).
Inorganic s a l t s
AnalaR grade sodium ch lo rid e  and sodium p e rc h lo ra te  were d r ie d  a t  
110°C and then used.
Lithium  p e rc h lo ra te , sodium ch lo ra te  (BDH lab o ra to ry  grade) and 
AnalaR grade sodium n i t r a t e  were used w ithout fu r th e r  p u r if ic a t io n .
P rep ara tio n  o f quench s o lu tio n
A ll th e  a liq u o ts  o f  re a c tio n  m ixtures were quenched in  a so lv en t
which had a m ethanol:w ater r a t io  o f  96:4 . (volume/volume, b efo re  mixing)
con ta in ing  potassium  io d id e . Depending upon the  i n i t i a l  co n cen tra tio n s
o f  th e  m ercury(II) s a l t s ,  a liq u o t p o rtio n s  were quenched in  d i f f e r e n t
com positions o f quench so lu tio n s  so th a t  th e  f in a l  co n cen tra tio n  o f
potassium  iodide fo r  a l l  the  spectrophotom etric  analyses was
2.5 x 10“ 3 mol £_1. A ll th e  quench so lu tio n s  used in  th is  work were
128prepared  according to  a method given p rev io u sly  • The com positions o f 
the quench so lu tio n s  used a re  given below.
TABLE 3
Compositions o f  th e  quench, so lu tio n s
s i  as?
Methanol as re a c tio n  so lv en t
1 : 5 747.25 49.85 0.5188
1 : 1.99 723.35 80.17 0.8342
For o th e r  re a c tio n  so lv en ts
1 : 1.99 755.15 39.91 0.8342
1 : 4.956 755.15 39.91 0.5199
1 : 100 755.15 39.91 0.4143
SECTION 14
GENERAL PROCEDURE FOR K IN E T IC  STUDIES
The,k in e t ic  run
Stock so lu tio n s  o f  th e  two re a c ta n ts  were made up a t  25°C using  a 
' thermos ta t t e d  b a th  w ith  a to le ran ce  o f  ±0.01°C* and so lu tio n s  fo r  the 
k in e t ic  runs prepared  from th ese  by d ila tio n *  a lso  a t  25°C. To the  stock  
so lu tio n s  o f  m ercury(II) ca rb o x y la tes* corresponding carboxy lic  ac id s were 
added to  suppress so lv o ly s is  o f  the m ercury(II) c a rb o x y la te s . To perform  
a k in e t ic  run a t  any tem perature* the  re a c ta n t so lu tio n s  were p laced  a t  
th e  req u ired  tem perature fo r  about an hour* and then p o rtio n s  o f  the  two 
re a c ta n t so lu tio n s  were p ip e t te d  one a f t e r  th e  o th e r in to  a re a c tio n  
v esse l (a stoppered  f la s k  which had a lso  been th erm o sta tted  a t  the 
tem perature o f  k in e t ic  ru n ) . When h a l f  o f  the  second re a c ta n t  had been 
discharged  from th e  p ip e tte*  a s to p  watch was s ta r te d *  in d ic a tin g  zero 
time fo r  the  re a c tio n . The re a c tio n  m ixture was then  mixed thoroughly 
and a t  d i f f e r e n t  in te rv a ls  a liq u o ts  were removed* using  a c a l ib ra te d
— 3 — 1p ip e t te .  Each a liq u o t was quenched by a d d itio n  to  2 .5  x 10 mol I
potassium  iod ide in  a m ethanol-w ater so lv en t o f such com position th a t
the  f in a l  so lu tio n  fo r  analyses had x(methanol) = 0 .9 1 . The d i lu t io n
157 .f a c to r ,  F;* v a ried  from system  to  system . This procedure r e s u l t s  m  
q u a n ti ta t iv e  conversion o f  m ercury(II) s a l t s  (concen tra tions up to  
1 .0  x 10 k mol I 1 in  th e  quenched so lu tio n )  to  the  tr i- io d o m e rc u ra te ( II )  
ion , th e  l a t t e r  being  determ ined sp ec tro p h o to m etrica lly . The sp e c tro -  
photom etric measurements were made w ith  an SP 3000 u l t r a - v io l e t  sp e c tro ­
photometer* th erm o sta tted  a t  25°C. For re ac tio n s  invo lv ing  t e t r a -  
a lk y ltin s*  wavelengths o f  301.5* 315, 330 and 345 nm were used (but in  
a l l  cases wavelength 315 was found to  be th e  b e s t ) . For re a c tio n s  
involv ing  phenyl t r i e th y l  tin*  wavelengths 315 nm (fo r  so lv en ts  methanol and 
e th y l a c e ta te )  and 345 nm (fo r so lv en t acetone) were used. A c e l l  : 
so lv en t versus c e l l  : so lv en t c o rre c tio n  was made fo r  each run . U sually  
twelve p o in ts  were taken in  any given k in e t ic  run . From the fo llow ing
r e la t io n s h ip ,  th e  co n cen tra tio n  o f  m ercury(II) s a l t  a t  time t  was 
ob ta ined .
C = D -  n
m
a )
where C i s  th e  co n cen tra tio n  o f  mercury ( I I )  s a l t  in  the  k in e t ic  ru n , D 
i s  the  observed absorbance o f  the  quenched sample, F i s  the  d i lu t io n  
f a c to r ,  and m and n a re  as defined  on p . 227.
For re a c tio n s  involv ing  very d i lu te  so lu tio n s  o f the  re a c ta n ts
(u su a lly  w ith  p h e n y l t r ie th y l t in ) , the  value o f  n above was n o t used b u t
was determ ined s e p a ra te ly  fo r  each k in e t ic  run by quenching a  known 
co n cen tra tio n  o f  m ercury(II) s a l t  a t  the  co n cen tra tio n  used in  th e  k in e t ic  
run . Then, s in ce  DF -  Cm = n 'F ,  we have n ’ = D - (Cm/F). Hie re a c tio n s  
between te t r a - a lk y l t in s  (o r phenyl t r i e th y l t i n )  w ith  mercury ( I I )  s a l t s  
follow  th e  equations:
k2
Ri,Sn + Hgx2 -------->- RHgx + R3Snx (2)
a -x  b -x  x xo o
k
R4Sn + Hgx2 — -—► RHgx + R3Snx (3)
a -x  b -x -y  x x-yo o J J
K - +
R3Snx + Hgx2 ^  R3Sn + Hgx3 (4)
x-y  bQ-x -y  y y
where aQ is  tlie i n i t i a l  co n cen tra tio n  o f  t i n  compound, bQ i s  th e  i n i t i a l  
co n cen tra tio n  o f  m ercury(II) s a l t ,  x i s  the co n cen tra tio n  o f  a lk y l-  
m ercury(II) h a lid e  o r phenylm ercury(II) h a lid e  a f t e r  time t ,  and y  i s  the 
corresponding con cen tra tio n  o f  each o f  th e  io n ic  sp ec ies  found in  th e  
re a c tio n  a f t e r  time t .  From the  c a lc u la te d  values o f  m ercury(II) 
co n cen tra tio n s  a t  d i f f e r e n t  in te rv a ls ,  the  second o rd er r a te  c o n s ta n t,
fo r re a c tio n  ( 2 ) was c a lc u la te d  using the  usual r a te  equation :
d x /d t = k 2 (a0  -  x )(b Q -  x) (5)
k 2t  =
a -  b o o
Ln V ao -  x>
V bo • x)
(6)
The r a te  equation  fo r  re a c tio n  (3) w ith  a secondary eq u ilib riu m  i s :
d x /d t2 = k 2 (aQ - x )(b Q -  x -  y) (7)
where the  q u a n tity  y i s  given by:
Kb
y  =
- \ J K2b 2 -  4Kx CK-l(b-x) 
(2K -  1)
(8)
To ev alu a te  k 2 from the in te g ra te d  form o f  the  above eq u a tio n , a pub lished  
128computer program was used.
The value o f  K was n o t determ ined, bu t i t  was chosen such th a t  a p lo t  
o f  k 2t  versus time gave a s t r a ig h t  lin e (p .2 3 2  shows a p lo t  o f  values k 2t  
versus values o f  tim es w ith  d if f e r e n t  values o f  K).
For each k in e t ic  run  th e  values o f  k 2t  were p lo t te d  a g a in s t values 
o f  t .  In  general e x c e lle n t s t r a ig h t  l in e s  were ob ta ined  and k 2 was 
o b ta ined  from the  slope o f  the s t r a ig h t  l in e  u sing  le a s t  squares method, 
which i s  a s t a t i s t i c a l  method fo r  f i t t i n g  th e  b e s t  s t r a ig h t  l in e  to  a s e t  
o f  p o in ts  th a t  are  supposed to  be l in e a r ly  r e la te d .  In  g en e ra lised  
n o ta tio n , the  formula fo r  a s t r a ig h t  l in e  i s :
y = mx + n (9)
The s lope  o f the  l in e  corresponds to  k2, y to  values o f  k 2 t ,  x to  values
o f  time and n is  the  in te rc e p t on y -a x is . The values o f  m and n were
158r f l l c n l  3 f p n  nc irW T r - fo  1 1 i-vt.r i ry  o n n o f ’  n rx .r—  l.  v ,  —  . w . o h . U / . ^  *
Exy - ExEy/N
m * ----------- - (10)
Ex2 -  (Ex)2/N
n = Ey/N -  mlx/N (11)
where N i s  th e  number o f  d a ta  p o in ts . The r e s u l t s  o f two ty p ic a l  runs 
a re  g iven on th e  fo llow ing pages.
For re ac tio n s  involv ing  te t r a - a lk y l t in s  w ith  m ercury(II) s a l t s ,
c a lc u la tio n  o f  k 2t  values were c a r r ie d  ou t on a computer using
program CK2K (see p . 274). For re a c tio n s  between p h e n y l t r ie th y l t in
128and mercury (I  I) s a l t s ,  programs CK2K and a pub lished  program from 
which th e  value o f equ ilib rium  co n stan t (K) could be c a lc u la te d  -were 
used. For each run values o f  k 2t  were then p lo t te d  a g a in s t va lu es  o f
t ,  and k 2 determ ined from th e  slope using  program CK21 (see S ec tio n  19) .
TABLE 1
PhSnEt3 + HgC£ 2 in  MeOH a t  0°C
C a lib ra tio n  v a lu es: 315 nm 10124.0 0.0015
I n i t i a l  co n cen tra tions a t  25°C 
aQ = 0.00008, b = 0.00004 mol L_ 1  
Wavelength: 315 nm
Time
(min) p
T
0
1 &
i
(bQ - x ) k 2t k 2
0 . 0 0 0.0000800 0.0000400 0
1 . 0 0 0.0000745 0.0000345 1918.6 1918.5838
1.75 0.0000710 0,0000310 3407.5 1947.1194
2.50 O.OOOO6 8 O 0.0000280 4848.6 1939.4233
3.25 0.0000657 0.0000257 6165.3 1897.0236
4.00 0.0000637 0.0000237 7398.5 1849.6177
4.75 0.0000617 0.0000217 8780.6 1848.5383
5.50 0.0000601 0 . 0 0 0 0 2 0 1 10014.2 1820.7587
6 . 0 0 0.0000592 0.0000192 10852.6 1808.7598
6.50 0.0000582 0.0000182 11749.9 • 1807.6736
7.00 0.0000574 0.0000174 12514.9 1787.8409
7.50 0.0(X)0564 0.0000164 13537.0 1804.9322
8 . 0 0 0.0000556 0.0000156 14413.3 1801.6682
The values o f k 2t  were p lo t te d  a g a in s t va lues o f  t  (see graphs on 
p . 230). These values o f  k 2t  and t  were then  fed  in to  program CK2I 
(S ection  19) to  give th e  follow ing r e s u l t s :
Slope 
(& m ol^m in” 1)
1776.15
In te rc e p t Standard d ev ia tio n  Correla t io n
of slope co eF fre len t
232.94 13.07 0.99968
14400 -
11200
k2t  
% mol
8000
4800
1600
2 84 b
t/m in
TABLE 2
PhSnEta + Hgl2 in  MeOH a t  25°C 
C a lib ra tio n  v a lu es: 315 nm 10124,0 0.0103
I n i t i a l  co n cen tra tio n s a t  25°C; a = 0.00004, bQ = 0.00002 mol £_1 
Wavelength: 315 nm
Time
(min) Ca0-x)
(b -o O  ^ 0 '
K = 0 K = 11
k2t k k 2t k
0.00 0.000040 0.000020 0 - 0 -
1.50 0.00003831 0.00001831 2251.7 1501.1060 2360.7 1573.7770
4.50 0.00003624 0.00001624 5479.3 1217.6128 6203.0 1378.4409
6.00 0.00003565 0.00001565 6513.7 1085.6236 7578.0 1263.0003
7.50 0.00003456 0.00001456 8564.7 1141.9539 10565.4 1408.7144
9.00 0.00003407 0.00001407 9570.5 1063.3853 12180.3 1353.3618
10.50 0.00003357 0.00001357 10627.5 1012.1384 14003.4 1333.6597
12.00 0.00003308 0.00001308 11739.9 978.3226 16082.5 1340.2067
13.50 0.00003268 0.00001268 12672.9 938.7341 17971.7 1331.2340
15.00 0.00003239 0.00001239 13399.6 893.3063 19547.0 1303.1313
16.50 0.00003199 0.00001199 14406,8 873.1364 21899.9 1327.2678
18.00 0.00003179 0.00001179 14927.6 829.3123 23202.2 1289.0137
19.50 0.00003140 0.00001140 16006.1 820.8267 26106.4 1338.7920
21.00 0.00003120 0.00001120 16564.7 788.7948 27731.3 1320.5373
The values o f k 2t  were p lo t te d  a g a in s t values o f  t  (w ith v a lu es o f  K, 
see graphs on p . 232) . The values o f k 2t  and t  (where K = 11) were then  
fed  in to  program CK21 ( p .281) to  give th e  fo llow ing  r e s u l t s :
Slope In te rc e p t Standard d e v ia tio n C o rre la tio n
( f  inol ‘min a) o f  s lo p e  coeff ic ie n t
1304.84 287.79 12.08 0.99940
232
K = 45
K = 11
27000
21000
- l
15000
9000
3000
-24
t/rn in  -----------p-
FIGURE 2 P lo ts  o f  k 2t  ag a in s t t  w ith  d i f f e r e n t  values o f  K
zoo
Determination of the calibration terms
For re a c tio n s  invo lv ing  te t r a - a lk y l t in s  and p h e n y l t r ie th y l t in  w ith
m ercury(II) s a l t s  in  so lv en t m ethanol, previous c a l ib r a t io n  values in  
38
methanol > and. fo r  th e  former re ac tio n s  in  so lv en t e th y l a c e ta te ,
1X6c a l ib r a t io n  values in  methanol and acetone were used . For re a c tio n s  
between p h e n y lt r ie th y l t in  and m ercury(II) s a l t s  in  so lv en ts  e th y l a c e ta te  
and acetone, because th e  so lu tio n s  fo r  analyses con tained  la rg e  q u a n ti t ie s  
o f  th ese  two s o lv e n ts , new c a lib ra tio n s  were co n s tru c ted  as fo llow s. 
S o lu tions o f  m ercury(II) ch lo rid e  a lo n e , ranging in  c o n cen tra tio n  between
— 3 — 1zero and 2 x 10 mol I  (7 p o in ts )  were p repared . S o lu tions were
_ 3  . —1
quenched in  a u sual m ixture o f  a so lu tio n  o f  2.5 x 10 mol I  potassium  
iod ide  in  m ethanol-w ater o f  x(MeOH) = 0 .9 1  w ith  a d i lu t io n  r a t io  o f  
1 : 4.569 fo r  so lv en t e th y l a c e ta te  and 1 : 1.99 fo r  so lv en t acetone. 
Absorbance measurements were made on th ese  so lu tio n s  a t  req u ired  
w avelengths, u sing  an SP 3000 spectrophotom eter. A graph o f  absorbance 
(D) a g a in s t th e  formal co n cen tra tio n  o f  mercury (I I) c h lo rid e  in  th e  
quenched samples y ie ld ed  an e x c e lle n t s t r a ig h t  l in e  a t  each wavelength 
used. Hie co n stan ts  m and n  in  th e  equation
D = me + n (12)
were c a lc u la te d  by a le a s t  squares procedure ( p .228) and a re  given below.
D i s  th e  observed absorbance o f  the  quenched samples and c i s  th e  
co n cen tra tio n  o f  m ercury(II) in  the  quenched samples:
( i)  New c a l ib ra t io n  in  e th y l a c e ta te
a t  315 nm m = 11121.32
n  = -  0.023
(ii) New calibration in acetone
a t  330 run m = 8196.9
n = -  0.013
a t  345 nm m = 6054.43
n = + ' 0.005
37( i i i )  P revious c a l ib r a t io n  in  methanol
a t  301.5 nm m = 1190.6
n = + 0.046
a t  315 nm m = 10124.0
n  = 0.036
(iv ) Previous c a l ib r a t io n  in  a c e to n e " ^
a t  330 nm m = 7254.83
n = 0.116
a t  345 nm m = 5217.91
n  = 0.079
Calculation of activation parameters
A c tiv a tio n  energy and enthalpy  o f  a c t iv a tio n
The a c tiv a tio n  energy was c a lc u la te d  from th e  values o f  the  second 
o rder r a te  co nstan ts  fo r  each re a c tio n  a t  various tem peratures from the 
A rrhenius equation^
T. ’
Ln k j 1 = Ln A -  E /RT- C13)
cL 1  ^  ^
TiHere kz i s  th e  second o rd er r a te  co n s tan t a t  tem perature L ,  A i s  a
co n s tan t which i s  u su a lly  known as the  frequency fa c to r  fo r  th e  re a c tio n ,
. E& i s  th e  A rrhenius a c t iv a tio n  energy, H  i s  the  tem perature in  degrees
ab so lu te  (Kelvin) [T^ = (°C + 273)K], and R is  the u n iv e rsa l gas co n stan t
i i 159(R = 1.9872 ca l deg” mol” ) . The enthalpy  o f  a c t iv a t io n  was
123bc a lc u la te d  from the equation  :
AHT = E -  RTj  (14)
where T^ was taken  as 298.15 K.
i
A ll so lu tio n s  fo r  th e  k in e t ic  runs were made up a t  25°C, and th e  
r a te  co nstan ts  a t  the  tem peratures c a lc u la te d  in  th is  work a re  a l l  
unco rrec ted  (except a t  25°C) fo r  so lv e n t expansion o r c o n tra c tio n . The
i
values o f  E0 and AHT as c a lc u la te d  above thus r e f e r  to  e i th e r  the  molar
a
sc a le  o r to  the mole f ra c t io n  s c a le .
1
A c tiv a tio n  f re e  energy (AG )
The a c t iv a t io n  fre e  energy was c a lc u la te d  from th e  equation  ~ :
I KT. T.
AGf  = 2.3026 RT. logic —  -  2.3026 RT- log io k 2 1 (16)
1  h  1
where K i s  Boltzmann's co n stan t (K = 1.38053 x  10 16 erg  deg ' ) ,
and h i s  P lanck’s constan t (h = 6.626196 x 10 27 erg  s e c ) . Using
k '2 a t  25°C (298.15 K) in  £ mol 1 sec 19 then AG^  on the usual m olar
l
s c a le  is  ob ta ined . To c a lc u la te  AGT on the  mole f ra c t io n  s c a le ,  the  
u n its  o f  th e  r a te  co nstan ts  a t  25°C were converted in to  u n its  o f  mole 
f r a c t io n ” 1 sec  1 by the  equation:
kk2 = k£ x 1000 p/M (17)
where p and M are  the  d en s ity  and th e  m olecular w eight o f  the  so lv e n t • 
re sp e c tiv e ly .
1
Entropy o f  a c tiv a tio n  (AS1)
123bThis q u a n tity  was c a lc u la te d  from the  equation  •
AG^  = AHt -  T.AS+ (18)
where T^ was taken  as 298.15 K.
4= 4= 4=I f  AH' and AGT are  on the mole f ra c t io n  o r molar s c a le ,  then  AS'
i s  a lso  on th e  mole f ra c tio n  o r m olar s c a le .
C a lcu la tio n  o f e rro rs  in  th e  r a te  constan t and a c t iv a tio n  param eters
The s tandard  d ev ia tio n , a , fo r  th e  r a te  constan t i s  c a lc u la te d  from 
equation  (19):
JZ(k. -  k ) 2
a = W i -------------------------------------------  (IS)
'  n -  1
where is  th e  value o f  th e  r a te  co n stan t from th e  i ^ 1 run , and k i s  
th e  mean o f  n values o f  k - * k i s  c a lc u la te d  -from equation  (20):
The s tan d a rd  d e v ia tio n s  o£ th e  a c t iv a t io n  param eters a re  c a lc u la te d  from 
eq u a tio n s  (21)~ (23):
. RT-a.
c(AG') = .j; -
'i  i
i  j. KT.T.
a(AE)T = a(AHT) = —
o ( A s t )  =
a(AF,h
(Tj - q)
a.
+ _J-T. T.
"  kk
( 21)
(22)
(23)
T. T.
where k 1 and k  ^ a re  th e  r a t e  co n s ta n ts  a t  tem pera tu res  T- and T- and 
ck and o  ^ a re  t h e i r  corresponding  s ta n d a rd  d e v ia tio n s .
In  th e  p re se n t work i t  was assumed th a t  ; eq u a tio n  (24)
k 1 k jmay th en  be w r i t te n  a s :
k t .t . • n4* 4= i “ia(AE^) = a  (AH')  = —
CTj -  T .)
(24)
J-
Equation  (24) was used to  c a lc u la te  th e  s tan d a rd  d e v ia tio n  in  AH'; 
and Tj a re  th e  low est and h ig h e s t  v a lu es  o f  th e  tem p era tu re . S ince  
the.num ber o f  k in e t ic  runs was n o t s u f f i c i e n t  fo r  eq u a tio n  19 to  be 
a p p lie d , ^  va lues used fo r  th e  c a lc u la t io n  o f  e r ro r s  in  th e  a c t iv a t io n  
param eters a re  regarded  as th e  es tim a ted  v a lu e s . The v a lu e  o f  ^  fo r  
each r e a c t io n  was o b ta in ed  as fo llo w s: th e  va lu e  o f  ^  a t  each tem pera tu re  
was c a lc u la te d  and th e n  th e  average o f  v a lu es  a t  d i f f e r e n t  tem p era tu res
O'was tak en  as th e  value  o f  T- fo r  th e  r e a c t io n .k
SECTION 15
K IN E TIC  STUDIES ON THE REACTIONS OF TETRA-ALKYLTINS  
BY M E R C U R Y (II)  SALTS IN METHANOL AND ETHYL ACETATE
Product an a ly s is  fo r  the  re a c tio n  between te tra m e th y ltin  
and m ercury(II) ch lo rid e  in  so lv en t e th y l a c e ta te
A so lu tio n  o f  0 .5  M te tra m e th y ltin  and 0 .4  M mercury (I I) c h lo r id e , 
in  so lv en t e th y l a c e ta te  ( in  a p rev io u sly  weighed 100 ml f la sk )  was 
therm o sta tted  a t  25°C fo r  about th re e  days. The so lv e n t was then  
evaporated under a w ater pump (a t  le s s  than 50°) along w ith  th e  v o la t i l e  
compounds, te tra m e th y ltin  and trim e th y l t i n  c h lo r id e , u n t i l  th e  f la s k  and 
con ten ts were a t  co n s tan t w eight. The re s id u a l s o l id ,  methyl 
m ercury(II) c h lo r id e , had m.p. 150° and a f t e r  r e c r y s ta l l i s a t io n  from 
e th y l a c e ta te  th e  s o l id  had m.p. 170-171°C (L it.1 3 7 a ,170°). The NMR 
spectrum  was c o n s is te n t w ith  m ethylm ercury(II) ch lo rid e  being  the  only 
spec ies  p re se n t. The percentage y ie ld  o f  me thy  Imercury ( I I )  c h lo rid e  was 
94% based on th e  sto ich iom etry  o f  the  fo llow ing equation :
then  used fo r  the  runs a t  d i f f e r e n t  tem peratu res. The procedure adopted 
was as described  on p . 225. Absorbance measurements were made a t  301.5 
and 315 nm, so th e  value o f  k 2 fo r  each run i s  the  average o f  the  two 
v a lu es . In  the case o f runs in  the  presence o f  0 .1  M NaC£04, the  
c a lc u la te d  amount o f  NaCJ£04 was added to  th e  re a c ta n t so lu tio n s  so th a t  
th e  co n cen tra tio n  o f  NaC£04 in  the f in a l  re a c tio n  m ixture was 0 .1  M.
The uncorrected  values o f  k 2 (except a t  25°C), r e s u l t in g  from u sin g  the  . 
so lu tio n s  made a t  25°C a t  o th e r  tem peratu res, were c o rre c te d  usin g  the  
follow ing equation:
Me4Sn + HgCL2 -»* MeHgCL + Me3SnC£ CD
Reaction between te tra m e th y ltin  and m ercury(II) ch lo rid e  
in  so lv en t methanol a t  various tem peratures
Stocjc so lu tio n s  o f  the two re a c ta n ts  were made up a t  25°C and were
4 -C
2(uncorr)2 (corr)
Where p i s  the  d en s ity  o f methanol a t  t  °C, th e  d e n s itie s  of'm ethanol
161a t  req u ired  tem peratures were ob tained  from th e  l i t e r a tu r e  . R esu lts  
are  given in  Tables 1 and 2.
In  the  fo llow ing ta b le s ,  a = i n i t i a l  co n cen tra tio n  o f  te tra m e th y ltin  
a t  25°C, b = i n i t i a l  co n cen tra tio n  o f  mercury ( I I )  ch lo rid e  a t  25°C, and 
k2 is  the  second o rder r a te  co n s tan t.
TABLE 1
Me^Sn + HgCf p in  MeOH a t  various tem peratures
a = 3 x 10 \  b = 2 x 10 4 mol £ 1
Run No. Temp °C
h 2 (& mol 1 min 2)
*
This work
*
L ite ra tu re  (Ref. 33)
1 25 84.26 93.10
2 30 120.24 -
3 40 221.09 230.10
*
C orrected fo r  so lv en t expansion.
TABLE 2
Me^Sn + HgC&2 + 0*1 M NaCLO^ in MeOH at
various temperatures
a = 3 :x  10 *, b = 2 x 10 ** mol a 1
k 2 (& mol” 1 min” 1)
Run No. Temp °C
*
This work
*
L ite ra tu re  (R ef.80)
1 15 75.91 -
2 25 152.50 58.20
3 30
4 > 4 *
213.66 86.40
4 40 391.17 221.40
5 45 - 333.60
*
C orrected fo r  so lv e n t expansion o r c o n tra c tio n .
Two runs were c a r r ie d  ou t a t  th i s  tem perature.
The re ac tio n s  between te t ra -a lk y  t in s  and mercury ( I I )  
s a l t s  in  so lv en t e th y l a c e ta te
R eactant so lu tio n s  were prepared  a t  25°C, and then  used fo r  runs 
a t  25°C o r o th e r  tem peratures. The m ercury(II) carboxy la te  so lu tio n s  
con ta ined  the  corresponding carboxy lic  a c id  to  p reven t so lv o ly s is  o f  
m ercury(II) carb o x y la te . Runs were c a r r ie d  ou t as describ ed  on p . 225.
In the  case o f runs in  th e  presence o f  tetra-n-butylam monium  p e rc h lo ra te , 
the c a lc u la te d  amount o f the  s a l t  was added to  th e  r e a c ta n t s o lu tio n s . 
Absorbance measurements on th e  quenched re a c tio n  m ixtures were made 
e i th e r  a t  315 nm, o r a t  315, 301.5 nm, and sometimes a t  301.5, 315,
330 and 345 nm. A ll th e  k 2 values given in  the  fo llow ing ta b le s  (except 
a t  25°C) are  uncorrected  fo r  th e  so lv en t expansion o r  c o n tra c tio n .
K in etic  r e s u l ts  o f  the re ac tio n s ' between te t r a - a lk y l t in s
and m ercury(II) s a l t s  in  so lv en t e th y l a c e ta te
In th e  follow ing ta b le s  3 a = i n i t i a l  co n cen tra tio n  o f  t e t r a a lk y l t in  
a t  25°C> b = i n i t i a l  co n cen tra tio n  o f m ercury(II) s a l t  a t  25°C, k 2
is  th e  second o rd er r a te  co n stan t and k 2 is  the  mean value o f  th e  second
order r a te  co n s tan t.
TABLE 3
Eti+Sn + HgC£2 in  e th y l a c e ta te  a t  45°C
Run No.
a x 102 
mol £ 1
b x 102 
mol £ 1
k 2 (£ mol 1 min” 1)
301.5 315
1 15.00 5.00 0.036 0.035
* *
2 10.02 5.00 0.038 0.038
3 7.5 5.00 0.043 0.043
4 10.02 1.67 0.028 0.028
5 10.02 3.00 0.030 0.029
*
Average o f  two v a lu es .
TABLE 4
EtitSn + HgC&2 in ethylacetate at various temperatures
a = 2 x 
a = 2 x
10"2, b = 
10"2, b =
1.02 x 10"2
9.2 x 10"3
mol L 1 a t  
mol L 1 a t
25°C fo r  301 
25°C fo r  315
.5 and 315 
and 345 ni
Run No. Temp °C
k2 (L mol h r " 1)
301.5 315 330 345
1 25 0.372 0.347 0.410 0.398
2 25 0.408 0.361 0.411 0.401
3 25 0.354 0.354 0.415 0.401
4 35 0.643 0.705 0.870 0.859
5 35 0.764 0.726 0.874 0.859
6 35 0.667 0.706 0.830 0.799
7 45 - 1.303 1.528 1.558
8 45 1.245 1.325 1.748 1.675
9 55 2.679 2.646 3.118 3.049
k2 a t  315 nm = 0.354 ± 0.007 a t  25°C.
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TABLE 7
Et^Sn + Hg(0C0CH2CH3) 2 in  e th y l a c e ta te  a t  25°C 
a = 2 x 10 2 mol L 1
b x 102 fH0C0CH2CH31 xlO2 kz O1 1,101 111X11 )
Run No. _ r  _j ---------------------------
mol L mol Z r
1
2
3
4
5
6 
7
1.020 8.00 0.395
1.026 4.02 . 0.319
1.026 2.58 0.289
1.026 2.01 0.267
1.022 1.62 0.261
1.020 0 .80  0.246
1.020 0.44 0 .246
TABLE 8
Eti^Sn + Hg(OCOCMe3 ) 2  in  e th y l a c e ta te  a t  25°C
a x 102 b x 102 [HOCOCMesJxlO2 kz ^  nK>1 lmln
Run No.
mol & mol 9j mol & 301 5 315
1 2.00 0 .90  1.30 0.181 0.191
2 2.00 1.03 1.03 0.185 0.185
/TABLE 9
E t4Sn + Hg(0C0CH2CH2C£ ) 2 in  e th y l a c e ta te  a t  25°C
a x 102 b x 102 [h0C0CH2CH2C£] k2 (£ mol
/—\
iH
Run No. x 102
mol £ 1 mol £ 1 mol 971 301.5 315
1 2.,00 • 1.,02 1.15 2.203 2.266
2 1.,00 0 .,51 0.80 2.235 2.224
TABLE 10
Me^Sn + HgC£2 in  e th y l a c e ta te  a t  various tem peratures
a = 1 x 102 mol £
b x l O 3
Run No. Temp °C
mol 97
1 15 5.20 0.761
2 15 5,20 0.738
3 25 5.12 1.333
4 25 5.12 1.298
5 25 5.12 1.307
6 35 5.20 2.044
7 35 5.20 2.215
8 45 5.13 3.299
9 45 5.13 3.191
k2 (£ mol min )
315
0 / 1 0/.MO
TABLE 11
Me^Sn + Hgl2 in ethyl acetate at various temperatures
a x 102 b x 102 k2 (£ mol” 1min V)
Run No. Temp °C
mol £ mol I 315
1 15 1.00 5.12 0.512
L 15 1.00 5.12 0.510
3 25 1.00 5.12 0.805
4 25 1.00 5.12 • 0.805
5 25 1.00 5.12 0.825
6 35 1.00 5.12 1.185
7 35 1.00 5.12 1.221
8 45 1.00 5.12 1.739
9 45 1.00 5.12 .1 .713
lo I
t o • 812 ± 0.011 a t  25°C
TABLE 12
Me^Sn + Hg(0C0CH2CH3) 2 in  e th y l a c e ta te  a t  25°C
Run No.
a x 103 b x 103 [hococh?ch31
x 10fj 
mol l~
k 2 (£ mol 1min
mol 971 mol 971 301.5 315
1 3.83 2.02 8.94 35.796 35.319
2 3.83 2.13 9.42 34.281 33.601
SECTION 16
K IN E TIC  STUDIES ON THE REACTIONS OF PHENYLTRIETHYLTIN  
BY MERCURY( 11) SALTS IN METHANOL, ACETONE AND ETHYL 
ACETATE
Product a n a ly s is  fo r  the  re a c tio n  between p h e n y ltr ie th y lt in  
and mercury (I I) c h lo rid e  in  so lv en t methanol
A s o lu tio n  o f  0.05 M p h e n y ltr ie th y lt in  and 0.05 M m ercury(II) 
ch lo rid e  in  so lv en t methanol was thermos ta t t e d  a t  25°C fo r  about one day. 
and then  poured in to  an aqueous s o lu tio n  o f  sodium c h lo rid e  (about 
0 .1  M). The r e s u l t in g  m ixture was e x tra c ted  w ith  chloroform , and th e  
e x tr a c t  was washed w ith  w ater and evaporated to  sm all bulk  to  y ie ld  a 
w hite c r y s ta l l in e  s o lid  and a p a le  yellow  coloured  l iq u id  ( t r i e t h y l t i n  
c h lo r id e ) . Small amounts o f  hexane were added to  the  m ixture to  d isso lv e  
the  l iq u id  f ra c t io n . The remaining s o l id  was then  f i l t e r e d  o f f  through a 
weighed, s in te re d -g la s s  c ru c ib le , washed w ith  a l i t t l e  hexane, and d rie d  
to  co n stan t w eight. The phenylm ercury(II) ch lo rid e  ob ta ined  w ithou t 
r e c r y s ta l l i s a t io n  had m.p. 251°C (L it. 137b,250°C) . The NMR spectrum  was 
c o n s is te n t w ith  phenylm ercury(II) ch lo rid e  being  th e  only sp ec ies  
p re se n t. The percentage y ie ld  o f pehnylm ercury(II) ch lo rid e  was 931 
based on the  sto ich iom etry  o f  the fo llow ing equation:
PhSnEt3 + HgC£2 ’*■ PhHgC£ + E t3SnC£ (1)
The re a c tio n s  between p h e n y ltr ie th y lt in  and m ercu ry (II) 
s a l t s  in  so lv en ts  m ethanol, acetone and e th y l a c e ta te  ’
Stock so lu tio n s  o f the two re a c ta n ts  were made up in  th e  so lv en t 
under stu d y , in  graduated f la s k s , and l e f t  in  an o i l  b a th  a t  25°C fo r  an 
hour. The two so lu tio n s  were then  made up to  the  mark w ith  more so lv en t 
a t  25°C, and shaken to  mix. Hie so lu tio n s  fo r  the  k in e t ic  runs were p repared  
from th ese  by d i lu t io n ,  a lso  a t  25°C, and were used fo r  re a c tio n s  a t  25°C 
o r o th e r tem peratures, hence the values o f k 2 (except a t  25°C) a re  
uncorrected  fo r  the so lv en t expansion. For runs in  a l l  so lv e n ts , the  
procedure adopted was as described  p rev io u sly  ( p .225). For re a c tio n s  in  
in  th e  presence o f in e r t  s a l t s ,  the c a lc u la te d  amount o f  s a l t  was added
ZD i
to  th e  re a c ta n t so lu tio n s , and in  measuring th e  o p tic a l  d en s ity  the
re fe ren ce  c e l l  always con ta ined  th e  same amount o f s a l t  as in  th e  quenched
sample. O p tica l d en s ity  measurements were c a r r ie d  ou t a t  315 run fo r
re a c tio n s  in  the so lv en ts  methanol and e th y l a c e ta te ,  and a t  345 nm fo r
re a c tio n s  in  acetone so lv e n t. C a lib ra tio n  v a lu es , r e la t in g  o p tic a l  d en s ity
measurements to  th e  co n cen tra tio n  o f  m e rcu iy (II) , e i th e r  had been measured 
37 'p rev io u sly  o r were measured in  th is  work (see p. 233). In  the  case o f 
re a c tio n s  w ith  mercury ( I I )  io d id e , runs were followed u n t i l  the  o p tic a l  
d e n s ity  o f  the  quenched a liq u o t was a t  le a s t  h a l f  th e  i n i t i a l  value (a t 
zero tim e) (about 30-401 r e a c t io n ) ,  and fo r  re a c tio n s  w ith  mercury (I I) 
ch lo rid e  to  50-70% re a c tio n . Except fo r  re a c tio n s  between p h e n y l t r ie th y l t in  
and mercury (I I) ch lo rid e  in  so lv en t m ethanol, d i f f e r e n t  values o f th e  con­
s ta n t  K in  equation  (4, p . 226) were chosen such th a t  a p lo t  o f  k 2 t  
versus t  gave a s t r a ig h t  l in e  fo r  each run . The values a re  given in  
Tables 2 and 3.
' TABLE 2
R eactions w ith  m ercury(II) ch lo rid e
Solvent K
Methanol 0 .0
E thyl a c e ta te 0 .4
Acetone 7.0
TABLE 3
Reactions w ith  m ercury(II) iod ide
Solvent K
Methanol 11.0
E thyl a c e ta te 0 .4
Acetone 10.0
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Computer programs CK2L and CK2k were used fo r  c a lc u la tio n  o f  k 2t  
values in  the re a c tio n s  w ith  K and w ithout K re sp e c tiv e ly . Values o f  the  
r a te  co n stan t k 2 were c a lc u la te d  as d escribed  on p . 225, u sing  program 
CK21 (see S ection  19 fo r  the  l i s t  o f  computer program s).
K inetic  r e s u l t s  o f  the  re ac tio n s  between p h e n y l t r ie th y l t in
and m ercury(II) s a l t s  in  various so lven ts
In the fo llow ing  ta b le s ,  a = i n i t i a l  co n cen tra tio n  o f  p h e n y l t r ie th y l t in  
in  mol £ x, b = i n i t i a l  co n cen tra tio n  o f  m ercury(II) s a l t s  in  mol £ *, bo th  
a t  25°C, k 2 i s  the  second o rd er r a te  co n stan t and k2 is  the  mean value o f  
th e  second o rd er r a te  co n sta n t.
TABLE 4
A ccurate de term ination  o f  the  r a te  co n s tan t f o r :
PhSnEt3 + HgC£2 in  MeOH a t  0°C
8 .0  x 10"'’, b = 4 .0  x 10 5 mol
Run No. k 2 (£ mol~’1s " 1)
1 31.65
2 ' 29.33
3 31.73
4 29.12
5 29.20
6 31.93
7 29.60
8 26.06
k2 = 29.83 ± 1.83 a t  0°C
TABLE 5
PhSnEt3 + HgC£2 in MeOH at various temperatures
Run No
Temp
°C
a x 1 0 s b x 
mol £ 1 mol
l u 5 k 2 
£ 1 (£ mol-1s 1)
1 -  5.6 8 .0  4. 0 17.38
2 -  5 .0 8 .0  4. 0  18.12
3 0 . 0 8 .0  4. 0 29.83*
4 1 0 . 0 8.0  4. 0 46.94
5 1 0 . 0 8.0  4. 0 50.22
6 25.0 4 .0  2. 0 98.21
7 25.0 4 .0  2. 0 102.40
8 25.0 4 .0  2 .0  108.04
9 25.0 4 .0  2 j0 105.06
1 0 35.0 4 .0  2.'0 154.85
1 1 35.0 4 .0  2 j0 157.33
k 2 = 103.43 ± 3.61 a t  25°C; * from Table 4.
TABLE 6
PhSnEt 3 + HgC£ 2 in  MeOH a t  0°C
Run No a x 1 0 5 b x 1 0 5 k 2M 1 1
mol £ 1 1mol £ (£ mol s )
1 8 . 0 3.5 25.55
2 8 . 0 3.5 28.89
3 8 . 0 4.0 29.83 ±*1.83
4 8 . 0 4.5 27.72
5 8 . 0 4.5 26.60
6 8 . 0 5.0 25.66
7 8 . 0 5.0 25.77
8 8 . 0 6 . 0 . 25.44
9 8 . 0 6 . 0 26.46
1 0 1 0 . 0 4 .0 30.69
1 1 1 0 . 0 4 .0 30.20
1 2 6 . 0 4 .0 26.22
13 6 . 0 4.0 26.19
Average o f 
e ig h t v a lu e s , 
taken  from 
Table 4 .
TABLE 7
PhSnEt3 + HgC&2 in  MeOH-water m ixtures a t  0°C 
a = 8 .0  x 10"5, b = 4 .0  x 10“ 5 mol JT1
Run No % MeOH k 2(£ mol s 1)
1 100 29.83 ±*1.83
2 98 34.62
3 98 33.70
4 96 39.15
5 96 41.69 .
6 94 68.00
7 94 72.17
8 94 52.74a
9 94 67.70b
10 94 58.30°
11 93 57.59
12 93 63.74
From Table 4.
a , b , c - In  the presence o f  9 .2  x 10 2, 6 .0  x 10 2 and 1 .0  x 10
mol I 1 Bu^ NC^ Oi* re sp e c tiv e ly .
TABLE 8
PhSnEt3 + HgC£2 in  98% and 94% MeOH a t  25°C
a = 4 .0  x 10 5, b = 2 .0  x 10“ 5 mol i f 1
Run No % MeOH k2 (& molr"1s 1)
1 100 103.43 ±*3.61
2 98 129.87
3 98 129,74
4 98 132.72
5 94 151.74
6 94 143.85
From Table 5.
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TABLE 9
PhSnEts + HgC£2 in MeOH at 0°C in the
presence of NaC£
a = 8 .0  x  10 5, b = 4 .0  x 10 5 mol & 1
Run No [N aa] 
mol I  1
k 2
Qt mol *s 1)
1 0 .0 29.83 ±*1.83
2 3.2 x 10"“ 28.05
3 3.2 x 10"'* 29.48
4 4 .0  x 10~3 26.93
5 1 .0  x 10~2 23.34
6 l . O x l O " 2 24.02
7 5.0 x 10"2 19.06
8 5.0  x 10"2 14.91
From Table 4.
TABLE 10
PhSnEt3 + HgC£2 in  MeOH a t  0°C in  the
, presence o f BoJnC^O^
a = 8 .0  x 10~53 b = 4 .0  x 10 5 mol & 1
Run No [bu^NC&O ]^ 
mol I  1
k2
(& mol 1s
1 0 .0 29.83 ±*1.83
2 5.0  x lO-1* 20.73
3 8 .0  x 10"“ 21.82
4 1 .0  x 10“ 3 25.92
5 1.5  x 10~3 26.28
6 2.0  x 10” 3
* *
25.80
7 1 .0  x 10"2
**
27.35
8 1 .3  x 10"1 25.11
From Table 4.
Absorbance measurements were c a r r ie d  ou t on SP500 spect roplio tome t e r
TABLE 11
PhSnEtu + HgC£2 in  MeOH a t  25°C in  the
presence o f  BunNC£Q4 
a = 4 .0  x 10~5, b = 2.0 x 10 5 mol £ 1
Run No [Bu4NC£0] 
mol £_1 (£ mol Xs X)
1 0 .0 103.43 ±*3.61
2 2.0 x 10“ 3 90.30
3 1 .0  x 10”2 87.76
From Table 5.
TABLE 12
PhSnEt3 + HgC£2 in  MeOH a t  0°C in the
presence o f  d if f e r e n t  s a l t s
a = 8.0 x 10” 5, b = 4. 0 x 10 5 mol £
Run No Type o f 
s a l t
[ s a lt]  x 103 
mol £ 1
k 2
(£ mol” ^ ” 1)
1 - 0 .0 29.83 ±*1.83
2 NaC£04 2.0 28.53a
3 NaC£04 10.0 25.79a
4 NaN03 0 .3 25.95
5 NaN03 1 .0 24.53
6 NaN03 .2.0 23.06a
7 NaN03 10.0 26.59a
8 NaC£03 2.0 27.29
9 NaC£03 10.0 24.47
10 LiC£04 2.0 24.49
11 LiC£04 10.0 24.09
12 EtNC£04 2.0 26.85
13 EtNC£04 10.0 25.64
14 LiC£04 250.0 32.19
15 LiC£04 438.0 34.54
From Table 4.
Absorbance measurements were c a rr ie d  out on SP 500 spectrophotom eter.
257
TABLE 13
PhSnEt3 + Hgl2 in MeOH at various temperatures
For re a c tio n s  a t  d i f f e r e n t  tem peratures (except a t  0°C ), 
a = 4 x 10 5, b = 2 x 10 5 mol £ 1
o  — 5 - 5  - 1For re a c tio n s  o f  0 C, a = 8 x 10 , b = 4 x 10 mol £
Run No
' Temp
°c
k 2
(£ mol ^ s ” 1)
1 O' 4*. 19
2 0 4.09
3 0 3.89
4 0 4;.32
5 25 21:75
6 25 24.43'
7 25 23.33.
8 35 42.83
9 35 4-1.97
10 45 47.28
11 45 46.43,
12 ............ . 5 0 ......... . ..... . ...67 ,44 ....
• TABLE 14
PhSnEt3 + Hgl2 in  MeOH a t  0°C in the  presence o f  Bu?NI
a = 8 x 10” 5, b = 4 x  10 5 mol £ 1, [Bu?Nl] = 4 x 10 5 mol I  1
D ilu tio n  f a c to r ,  F = 2.479, len g th  o f  c e l l  -  1 cm
No. o f  
sample Time (min)
Absorbance 
a t  315 nm
1 0.00 0.170
2 4.50 0.169
3 6.33 0.168
4 8.67 0.167
5 15.00 0.161
6 21.50 0.159
-7 30.00 0.156
8 40.00 0.147
9 45.00 0.147
10 63.00 0.140
i-» %J \J
TABLE 15
PhSnEt3 + HgC&2 in  acetone a t  various tem peratures 
a  = 2 x 1 0 '" ,  b = 1 x 10 '"  mol & '1
Run No Temp
°C
k2
(£ mol” 1s -1 )
1 15 17.27
2 15 15.12
3 25 22.64
4 25 24.12
5 25 20.42
6 25 21.96
7 35 35.28
8 35 30.14
9 40 45.16
10 40 39.11
PhSnEt3
TABLE 16 
+ HgC&2 in  acetone a t  25°C in  the
a = 2 x 10 \  b =
presence o f  Bu^ NCilOtt 
1 x 10"" mol I  1
Run No [Bu^NaO^] x 102 
mol £ 1
1<2
(& mol 1s
1 0.00 22.28
2 4.80 18.71
3 7.08 21.20
4 9.88 22.86
5 21.48 46.81
TABLE 17
PhSnEt3 * Hgl2 in ethyl acetate at various temperatures
Run No
*TP/*\vyv^i  c i u j j
°c
_____i  r \ h
d  A  J .U
mol Z 1
b x 10 • 
mol Z 1
k 2
(Z mol 1s *)
1 10 8.00 4.00 0.386
2 10 '8.00 4.00 0.384
3 25 7.97 4.08 0.546
4 25 7.97 4.08 0.477
5 35 8.06 4.04 0.705
6 35 8.06 4.04 0.695
7 45 8.06 4.04 , 0.815
8 45 8.06 4.04 0.805
TABLE 18
PhSnEt3 + Hgl2 in  acetone a t  various tem peratures
a = 2.0 x 10 ^(£or runs a t  25 and 15); a = 2.05 x 10*”? ( fo r  runs a t  
35 and 40); b = 1 x 10*"1* mol &-1
Run No Temp
°C
k 2
(Z mol_1s *)
1 15 5.33
2 15 5.37
3 .25 7.39
4 25 8.69
5 35 9.02
6 35 9.82
7 40 12.83
8 40 11.73
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TABLE 19 •
PhSiiEts + HgCft2 in  e th y l a c e ta te  a t  various tem peratures 
a = 8 .0  x 1 0 ' \  b = 4 x 10 * mol I  1
Run No . Temp 
°C
k2
(L m o l^ s  *)
1 15 2.596
2 15 2.655
3 25 4.005
4 25 3.741
5 25 3.347
6 35 5.700
7 35 5.711
8 45 8.528
9 45 8.756
PhSnEt3 +
TABLE 20 
HgC£2 in  e th y l a c e ta te  a t  25°C in  the
a = 8 .0  x 10 \
presence o f  BufNC&Oi* 
b = 4 x 10 ** mol £ 1
Run No [buUncao^] x 103 k 2
mol I  1 (£ mol_1s
1 0.00 3.698
2 4.97 3.321
3 8.28 3.982
4 20.80 6.011
5 30.70 6.258
6 53.20 6.258
SECTION 17
SO LUBILITY STUDIES
S o lu b i l i t ie s  o f  mercury ( I I )  s a l t s  in  so lv en ts  e th y l a c e ta te  
and acetone
D eterm ination o f  the  s o lu b i l i t i e s  o f  m ercury(II) iod ide  in  
e th y l a c e ta te  and acetone a t  various tem peratures
S o lu b i l i t ie s  o f  m ercury(II) iod ide a t  various tem peratures were 
ob tained  by e q u il ib ra t in g  m ixtures o f  the  mercury (I I) iod ide  and so lv en t 
e th y l a c e ta te  (or acetone) a t  req u ired  tem pera tu res . E q u ilib ra tio n  was 
aided  f i r s t  by using  an u l tra s o n ic  b a th  to  a g i ta te  th e  m ixture and then  
by g en tle  a g i ta t io n  from time to  tim e. F in a lly  the m ixtures were l e f t  
to  s e t t l e ,  and a liq u o t p o rtio n s  (5 ml) o f  the s a tu ra te ^  so lu tio n s  
c a re fu lly  withdrawn and qu ickly  tra n s fe r re d  to  a pre-w eighed v e s se l .  The 
v esse l was stoppered  and reweighed, so th e  r e s u l t s  could  be expressed  in  
u n its  o f  w eight as w ell as m o la rity .
For analysing  the  m ercury(II) io d id e , the  complexometric back 
t i t r a t i o n  w ith  e th y len ed iam in e te traa ce tic  ac id  (edta) was found 
u n su ita b le , because o f  a very  in d is t in c t  end p o in t, and-the m ercury(II) 
iod ide so lu tio n s  were th e re fo re  analysed by a d ir e c t  g rav im e tric  method. 
A fte r  evaporation  o f  th e  so lv e n t, the v e sse ls  were reweighed, and hence 
the w eight o f  m ercury(II) iod ide p e r 100 grams (and p e r  5 ml) o f  
s a tu ra te d  so lu tio n  a t  each tem perature was ob ta ined . D uplicate  analyses 
were c a r r ie d  ou t a t  each • ten p era tu re .
D eterm ination o f  th e  s o lu b i l i t i e s  o f  m ercury(II) c h lo rid e  a t  
25QC and 45°G in  so lv en t e th y l a c e ta te
S a tu ra ted  so lu tio n s  o f m ercury(II) c h lo rid e  in  so lv en t e th y l a c e ta te  
were prepared  ex ac tly  as described  fo r  mercury (I I) io d id e . Analyses o f  
the  a liq u o t p o rtio n s  (5 ml) were c a r r ie d  out as fo llow s. S o lu tio n s o f  
mercury ( I I )  ch lo rid e  were s u ita b ly  d ilu te d  acc u ra te ly  w ith  w ater and 
b u ffe red  to  pH = 10 using  ammonia/ammonium ch lo r id e . An excess o f  ed ta
(N = 0.0199) was added to  complex the  mercury. The excess o f  e d ta  was
back t i t r a t e d  ag a in s t s tan d ard  zinc su lp h a te  (N = 0 .01) using  eriochrome
b lack  T as in d ic a to r  (co lour change wine red  to  b lu e ) . Analyses o f  the
so lu tio n s  o f m ercury(II) ch lo rid e  were a lso  c a r r ie d  out spectropho to -
m e tr ic a lly , by use o f  an SP 3000 spectrophotom eter, as fo llow s. A liquo t
p o rtio n s  (5 ml) o f  the  m ercuric ch lo rid e  s a tu ra te d  so lu tio n s  were
d ilu te d  a c cu ra te ly  w ith  methanol and th e  absorbance o f  th e  d ilu te d
p o rtio n  determ ined a t  315 nm a f t e r  quenching w ith  m ethanolic potassium
37io d id e . Johnston ’s c a l ib r a t io n  m m ethanol was used fo r  th e  determ in a tio n  
o f  th e  co n cen tra tio n  o f  m ercury(II) (see p .226). In  ano ther method, th e  
m ercury(II) ch lo rid e  was measured d i r e c t ly  by w eight as fo r  m ercury(II) 
io d id e .
C a lcu la tio n  o f  r e s u l ts
Using the  d i lu te  so lu tio n  approxim ation, the  m olar co n cen tra tio n s  
o f th e  so lu te s  were converted to  mole f ra c tio n s  by the  follow ing 
equation:
m
4. 1 0 0 0m +
(1)
M
where x i s  the  mole f ra c t io n  o f  the  s o lu te ,  m i s  the  molal co n cen tra tio n
o f  th e  so lu te  (mol p e r 1000 g so lv en t) and M i s  the  m olecular w eight o f
th e  so lv e n t. From the s o lu b i l i ty  measurements made a t  various
otem peratures, the  h e a t o f  so lu tio n  o f  m ercury(II) iod ide (AH,) in  the  
so lv en ts  e th y l a c e ta te  and acetone were c a lc u la te d  from th e  van’t  H off 
equation  (or ’re a c tio n  iso c h o re ' ) .
where AH° i s  th e  h ea t o f  s o lu tio n , Th i s  the  tem perature in  degrees 
a b so lu te , T = (°C + 273.15) K, K i s  th e  mole f ra c t io n  s o lu b i l i ty ,  and 
R is  th e  u n iv e rsa l gas co n s tan t (R = 1.9872 c a l deg-1 mol*"1) .  The 
values o f  AH° in  both  cases were ob tained  from the  slope o f  the  l in e a r  
p lo t  o f  lo g 10K 1 a g a in s t 1/T^.
The fre e  energ ies and s tandard  en tro p ie s  o f  s o lu tio n  o f  m ercury(II) 
iod ide in  so lv en ts  e th y l a c e ta te  and acetone were c a lc u la te d  from th e  
eq u a tio n s :
AG° = -RT Ln K ( 3 )
AG° = AH° -  T. AS0  (4 -)
S S I S
using  T^ = 298.15 K. R esu lts a re  given in  Tables 1-4.
TABLE 1
Solubilities of mercury(II) iodide in ethyl acetate
at various temperatures
Temp
°C mol Z 1
g/100 g
s a t .s o ln
g/100 g
so lv en t
mol/1000 g 
so lv en t
mole
f ra c t io n
0 .6 9.551 x 10“ 3 0.4760 0.4783 0.0105 9.231 x  10""
25 18.300 x 10“ 3 0.9204 0.9290 0.0204 18.00 x 10""
35 23.000 x 10“ 3 1.1602 1.1738 0,0258 22.65 x 10""
45 29.700 x 10“ 3 1.5047 1.5277 0.0336 29.50 x  10""
55 36.100 x 10" 3 1.8079 1.8412 0.0405 33.50 x 10""
a - Average r e s u l ts  given o f  two o r th ree  
tem pera tu re .
determ inations a t  each
TABU; 2
S o lu b i l i t ie s  o f m ercury(II) iodide in  acetone
a t  various tem peraturesa
Temp
oc mol Z 1
g/100 g
s a t .s o ln
g/100 g
so lv en t
mol/1000 g 
so lv en t
mole
f ra c t io n
25b 0.02809 1.607 1.633 0.0359 2.100 x 10-3
35 0.0385 2.190 2.239 0.0493 2.850 x  10"3
45 0.0489 2.786 2.866 0.0631 3.646 x 10"3
a - Average r e s u l ts  given o f  two o r th re e  determ inations a t  each 
tem perature.
b u Taken from D F Dad jo u r , PhD T hesis, U n iv ersity  o f  Surrey , 1974.
TABLE 3
S o lu b i l i t ie s  o f  m ercury(II) ch lo rid e  in  e th y l a c e ta te
a t  25°C and 45°C a
Temp , .-1  , g/100 g g/100 g mol/1000 g mole
°C s a t .s o ln  so lv en t so lv en t f ra c t io n
25b 0.894 22.04 28.28 1.042 83.96 x 10~3
25C 0.866 21.40 27.23 1.003 81.10 x 10“ 3
25d 0.879 21.80 27.88 1.027 82.86 x 10“ 3
45b 0.940 23.26 30.32 1.117 89.48 x 10“ 3
45c 0.912 22.56 29.13 1.073 86.26 x 10“ 3
45d 0.923 22.77 29.49 1.086 87.25 x 10“ 3
a Average r e s u l ts  given o f two o r th re e  determ inations a t  each 
tem perature and w ith  each method.
b Determined sp ec tro p h o to m etrica lly .
c Determined by t i t r a t i o n .
d Determined g ra v im e tr ic a lly .
e Average value o f  mole f ra c t io n  s o lu b i l i ty  was taken a t  each 
tem pera tu re .
TABLE 4
Thermodynamic param eters fo r  s o lu tio n  o f  mercury ClII iod ide  in  
acetone and e th y l a c e ta te  on the mole f ra c t io n  sc a le
Solvent
o*AGs AH0s
*
&Ss
(Cal mol” 1) (Cal mol” 1) (Cal mol-1K
Ethyl a c e ta te 3744.5 4452 2.4
Acetone 3653.2 5203 5.2
*
Using mole f ra c t io n  s o lu b i l i ty  a t  298.15 K.
AU /
SECTION 18
CHROMATOGRAPHIC STUDIES
A U O
D eterm ination o f  te rm inal values o f  Raoult * s law a c t iv i ty  
c o e f f ic ie n ts  o f
P h e n y ltr ie th y lt in  in  various so lv en ts  a t  25°C
A ll chrom atographic s tu d ie s  were c a r r ie d  ou t by GLC, u sin g  a 
Perkin-Elm er F - l l  g a s - liq u id  chromatograph equipped w ith  a flame 
io n is a tio n  d e te c to r . The column which was used in  th is  work was a 2 m 
column o f  0.51 carbowax 20 M/3.5% SE30 on chromosorb GAW-DCMS 
80-100 mesh. The instrum ent o p era tin g  con d itio n s  were as fo llow s: 
c h a r t speed 10 mm min 19 column tem perature 150°C, in je c t io n  tem perature 
175°C, p ressu re  o f  hydrogen gas 17 l b / i n 2, n itro g e n  16 l b / i n 2, and a i r  
24 l b / i n 2. S o lu tions o f  p h e n y l t r ie th y l t in  in  various so lv en ts  were 
p repared  by w eight, so th a t  mole f ra c t io n  co n cen tra tio n s  could  e a s i ly  
be c a lc u la te d . To ensure th a t  th e re  was a la rg e  volume o f vapour above 
the  s o lu tio n , sp e c ia l shaped f la s k s ,  se a le d  w ith  s e lf - s e a l in g  septum 
caps were used. The f la sk s  were p laced  in  a therm osta t a t  25 ± 0.05°C 
and allowed to  e q u il ib ra te  fo r  a t  l e a s t  an hour. To p reven t 
condensation o f  so lv en t onto the  in s id e  o f  th e  septum caps, the  
therm osta t was covered w ith  th in  p l a s t i c  sh ee t so th a t  th e  sh e e t la y  on 
top o f  the septum caps, th e re  being  a minimum o f vapour space in  th e  
therm osta t between th e  top o f  th e  th e n n o sta t l iq u id  and the  p l a s t i c  
sh e e t. The p ressu re  in s id e  each f la s k  was m aintained a t  atm ospheric 
by p ie rc in g  a narrow hypodermic needle through the  septum cap. Vapour 
samples (1 .3  ml) were withdrawn, expanded (to  2 ml) to  p reven t 
condensation and chromatographed. Each s e t  o f  experim ents con ta ined  
four batches o f  so lu tio n s , and fo r  each ba tch  two s e ts  o f  experim ents 
were c a r r ie d  o u t. The vapour o f  each s o lu tio n  (fo r  any s e t)  was 
chromatographed in  d u p lic a te . The co n cen tra tio n s  o f  the so lu tio n s  were 
a l te r e d ,  so th a t  the  p h e n y ltr ie th y l t in  vapour peak w eights from a l l  the  
so lu tio n s  in  th e  batch  were approxim ately equ a l, w ithou t changing the
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s e n s i t iv i ty  s e t t in g  o f  the  instrum ent ( s e n s i t iv i ty  used: 5 x 1 )  which 
may cause e r ro r s ,  a lso  any minor e f fe c ts  due to  n o n - lin e a r i ty  o f  d e te c to r  
response were minimized in  th is  way. During the course o f  p h e n y ltr i ­
e th y l t in  analyses the  d e te c to r  g radually  became coated  w ith  t i n  oxide, 
and was th e re fo re  cleaned every few days.
S o lu tions o f  p h e n y ltr ie th y lt in  in  methanol were chosen as s tan d a rd s , 
and w ith  any s e t  a fre sh  so lu tio n  o f  phenyl t r i e  thy l r  in  in  methanol was 
chromatographed, so th a t  th e  r e s u l ts  from a l l  the  batches could  be 
compared in  a v a l id  way. The r e s u l t s  were t r e a te d  as fo llow s. For each 
s e t  th e  weight o f  so lu te  peak (D) from each so lu tio n  was determ ined, and 
r e la t iv e  te rm in al values o f  the  R ao u lt’s law a c t iv i ty  c o e f f ic ie n t  were 
c a lc u la te d  from the equation:
<
H
O hCM
Oh
PX
T j O  /  n 0  P X 2 /  P X j
X ! , X 2 * K )
V * 1
Xi,X2-*0
D0/x2 '  2
Di/X]
Xl , X 2 _>0
CD
where y i s  the  l im itin g  value o f  R ao u lt’s law a c t iv i ty  c o e f f ic ie n t ,
P i s  th e  vapour p ressu re  o f  so lu te  above th e  s o lu tio n , P° i s  the  vapour 
p re ssu re  o f  pure s o lu te , x i s  the  mole f ra c t io n  co n cen tra tio n  o f  so lu te  
in  s o lu tio n , D is  the d e te c to r  response to  the  so lu te  (here , so lu te
peak w e ig h t), and su b sc rip ts  1 and 2 r e f e r  to  so lv en ts  1 and 2. An
00 . ab so lu te  value o f  y fo r  p h e n y ltr ie th y lt in  in  methanol was determ ined oy
comparison o f  the  d e te c to r  response to  p h e n y l t r ie th y l t in  in  the vapour
above pure p h e n y ltr ie th y lt in  (sam ples, 1 ml and s e n s i t iv i ty  20 x 1 ) ,
u sing  the  follow ing r e la t io n :
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* (Absolute in  methanol)
CO
y (Absolute in  methanol) = IIP
-  P/P°.N = D/D°.N
C a lcu la tio n  o f  fre e  energ ies  o f  t r a n s f e r  from methanol 
to  various so lv e n ts , on the  mole f ra c t io n  sca le
From th e  d a ta  in  Tables 1, 3 and 5, s tandard  f re e  energ ies o f  t r a n s f e r  on 
the mole f ra c t io n  from a re fe ren ce  so lv en t (methanol) to  the o th e r 
so lv en ts  have been c a lc u la te d  through equation :
AG
= RT Ln V x2
V x i
(3)
CO
where y , D and x a re  as defined  b e fo re . S ubscrip t i r e fe r s  to  th e  
re fe ren ce  so lv en t m ethanol5 and s u b sc r ip t 2 to  any o th e r  so lv e n t. The 
r e s u l ts  ob ta ined  are  given in  th e  fo llow ing T ables.
TABLE 1
D eterm ination o f  a c t iv i ty  c o e f f ic ie n ts
P h e n y ltr ie th y lt in  
in  so lv en t x x 103 D/x
R ela tiv e
CO . 0 0
y 2 h i
Methanol 
A c e to n itr i le  
Acetone 
E thyl a c e ta te
3.975
5.182
61.49
89.110
9.568
9.951
0.797
0.432
100
110.8
8.1
4.5
TABLE 2
Values of AG^ for transfer of phenyltriethyltin from
Solvent AG^  (ca l mol 1)
Methanol 0
A c e to n itr ile  61
Acetone -1489
E thyl a c e ta te  -1837
Dioxane -1864
TABLE 3
D eterm ination o f  a c t iv i ty  c o e f f ic ie n ts
P h e n y ltr ie th y lt in  
in  % methanol x x 103 D/x
R e la tiv e
T2“ /Yl°°
100 4.00 6.482 100
98 3.00 11.779 180.4
96 2.78 14.316 218.4
94 2.25 18.833 290.0
TABLE 4
XValues o f AG^  fo r  t r a n s f e r  o f  p h e n y l t r ie th y l t in  from
omethanol to  various m ethanol-w ater m ixtures a t  25 C (298 K)'
Solvent % MeOH AG* (ca l mol” 1)
1 0 0  0
98 350
96 463
94 631
TABLE 5
Determination of activity coefficients
P h e n y ltr ie th y lt in  
in  so lv en t
Cone.of s a l t  
mol V"1 x X 103 D/x
R ela tiv e00 , 00T 2 h i
Methanol 0 3.82 6.476 100.0
Methanol 3.91 x 10"3 3.82 7.134 128.0
Methanol 1.96 x 10"1 3.86 8.321 110.0
Dioxane 0 65.94 0.274 4 .3
S a l t  = Bu? r O 0 4
TABLE 6
Values o f  AG^  fo r  t r a n s f e r  o f p h e n y ltr ie th y lt in  from 
methanol to  various so lv en ts  a t  25°C (298 K)
*
Cone.of s a l t  APxSolvent  mol , AG^
MeOH 0.00  . 0
MeOH 3.91 x 10“ 3 148
MeOH 1.96 x 10_1 62
Dioxane 0 .00  -1864
SECTION 19
£>1 H
PROGRAM CK2K
M A S T E R  X X X X
• R E A I I Ml E. R C E p r * 1 N T 
DIMENSION YC( 100)  ,RFS I D( 100)
DIMENSION BT( 100)  , RMS (100)
DIMENSION A( I OO) , T I M E d  0 0)
DIMENSION X ( 1 0 0 ) , Y < 1 0 0)
-,17 R E  AD (1 , 15)  N '
1 F ( N . RQ. 0 )  0 0 TO 999 '
READC1, 2)
2 F 0 R M A T (1 H 0 , 5 0 H ,
*30 H )
RE AD<1, 31)  A 0 , 80
RE AD ( 1 , 3 2 )  l NT, £PS, f ) l I
ft E A D ( 1 , 3 3 ) <A( J ) , T I Mf c ( J ) , J  = 1, N)
DO 37 J=1, N *
BT(J)  = ( A ( J ) - I N T > *  M l / E P Si
*X(J) = BO-BT(J)
I F ( T I ME ( J ) . E Q. 0 . 0 F00)  GO TO 701
R H S ( J ) s ( 1 / ( A O - B O ) ) * ( A t O G ( B O * ( A O - X ( J ) J / ( A o * ( P O - X ( J ) ) ) )
• €0 TO 7 0 2
7 01 
702
70 3 
704 
57
35 
1 5
31
32
33
R H S < J ) = 0 . 0
CONTINUE
X < J ) - T I Mi; < J )
Y ( J ) * R M S < .1 )
I r ( RHS<J ) . FQ.o.OF 00)  00 TO 7 0 3 
RHS( J) sRHS( J) / XCJ)
GO TO 704 
RHS( J)=0 . 0 
CONTINUE 
CONTINUE 
WRITE( 2,  35)
FORMAT( / / / )
FORMAT( TO)
FORMAT(2EO.O)
FORMAT (?Eft .O#F() .0)
F 0 R M A T ( 7 F 0 . 0 )
N M T = N -  2 
SX=0.0  
S Y = 0 . 0 
SXX=0.0 
S YY = 0 . 0 
5 X Y = 0 . 0 
DO 5 J = 1 » N 
S X ^ S X + X ( J )
SXX=SXX+( X( J) ) * * 2
Z/ t )
SY=5Y+Y(J)
S Y Y = S Y Y + ( Y ( J ) ) * + 2 
5 S X Y = S X Y + ( X ( J ) ) * ( Y ( J ) >
SL0PE=<N* SXY- SX* SY) / ( N* SXX- ( SX* * 2) )
AVX=SX/M
AVY=SY/N
INTFRCEPT=AVY-SL0PE*AVX
R s ( S X Y - ( S X * S Y / N ) ) / ( ( S y X - ( ( S X ) * * ? ) / N ) * ( S Y Y - ( ( S Y ) * *  
* ) ) * * 0 . 5
ST0FRRX=( ' ( SXX/ N- AVX* * ? ) * * O. 5 ) * ( ( 1 - R* * ? ) * * O,. 5)
S T D E R K Y = < ( S Y Y / N - A V Y * * 2 ) * * 0 . 5 ) * ( ( 1 - R* * 2 ) * * 0 . 5 )
STDERRSL0PE=Z*STDFRRY/ ( A8S(X(N) - X(1) ) )
I F ( X ( N ) -  X ( 1 ) ) 6 0 , 6 0 , 61
60 ARSMIN=X(N)
00 TO 6 2
61 A B S N> I N * X < 1 )
62 CONTINUE 
s t d e r r i n t e r c e p t = ( a b s m i n * s t d e p r s i o p e ) + stdl-pry 
PERCENTERRSLOPE = STdERRSL0PE*100/SI .  ope
PERCE NTERRlNTrRCHPT = STl>ERRINTFRCtPT + 10()/  INTERCEPT 
T = ( R * ( ( N - ? ) * * 0 , 5 ) ) / ( ( ( 1 - ( R * * ? ) ) * * 0 . S ) + 1  . 0 F-0 5 )
DO 123 J = 1 , N
YC(J)=SLOPE*X(J)+INTERCEPT 
I F ( Y ( J ) )  . 124, 125, 124  
12 A RESID(J)  = ( Y C ( J ) - Y ( J ) ) * 1 0  0 . 0 / YC( J )
2) /  N
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GO TO 126 
1 2 5 K F S I 0 ( J ) = 1 0 0 . 0 * Y C < .J )
126 CONTINUE 
12 5 CONTINUF
WRITE( 2 , 7 )  
i  FORMAT(1HO»/»/  # / r  /  « / )
WRITE(2»2)
WRITE( 2 , 1 6 )
16 FOR MATOHO, / , / , / )
19 WRITE( 2 , 6 )  N
6 FORMAT(1 HO,19HNUMBER OF POINTS = , f i X , I 2 )  
WRI TE( 2, 902)  A0#B0»EPS» INT » D I L 
9 02 FORMAT(1H0,SHAO = , 1 9 X , 1 P F 1 2 . 3 , / ,
* 1 H 0 » 5 H B 0 = » 1 9 x » E 1 2 . 5 f / »
* 1 H 0 , 2 r> H F. X T I N C T I 0 N COEFFICIENT = , F 1 1 . 3 » /  ,
* 1 H 0 , 1 2 H I N T E R C F P T = , 1 2 X , E 1 2 . 3 , / ,  
*1H0#18HDILUT10N FACTOR = #8X, 0PF7 . * , / / / / )
WRITE(2»900)
/
900 F0RMAT(1H0#2X#10HVALUE OF K)
W R I T E ( 2 , 9 0 1 ) (RHS(J)  , J = 1 , N )
901 F0RMAT(1H0,1PF12.4>
WRI TE( 2, 10)
WRITE<2,8)
8 F0RMAT(1H0»5X#AHTIME#1X,9Xr3HK2T,2X#6XfHHK2 
* 2 X , 10HRESIDUAL %• / )
W R I T E ( 2 , 9 ) ( X ( J > , Y ( J ) , Y C ( J ) , R F S I D ( J ) r J = 1 r N )
9 FORMAT(1H0,1PF11. 3 ,  5 X , E 1 1 . 3 ,  5 X , F 1 1 . 3 , 2 X , 0 P F 7 . 1 )
W R I T t < 2 , 1 0 )
10 FORMAT(1 HO , / , / , /  )
W R I T F ( 2 , T 1 } S I 0 P E , I N T F R C F P T 
WRITE ( 2 , 1 0 )
11 FORMAT(1 HO, SHK2 = , 1PF1 2 . A, 6 X, 1 ? HINTERCFPT = , E12 . A, A)  
WRITE ( 2 , 6 5 )  ST DERRS LOPE-# ST DFRP INTERCEPT
65 FORMAT (1H0,20HSTANl>ARD ERROR K2 = , 7x , 1PE12 . A,
* / , 1 H 0 , 2  7HSTANDARD ERROR INTFRCFPT = , F12. A)
W R I T E(2 , 6 6) PFRCENTFRRSLOPE,PFRCENTERRINTFRCEPT
66 FORMAT (1H0,19HPF. RCENT ERROR K2 = , 6 X , F 7 . 1 , / ,
*1 H0f.26HPERCENT ERROR INTERCEPT = , F7 . 1 )
WRI TE( 2, 13)  R 
13 FORMAT(1HO,26HCORROLATION COEFFICIENT = , F 7 . 5 )
WR I TE(2 , 1A ) NMT , T 
1 A F0RMAT(1H0,11HT VALUE AT , I 2 , 1X, 21HDF‘GREES OF FREEDOM = 
* F 7 . 3 , / , / , / , / , / )
GO TO 17 
999 STOP OK _
END
Order o f data  fo r  Program CK2K
1. Number o f p o in ts  ( in  I Q form at).
2. T i t l e .
3 . aQ and b Q values ( in  E fo rm at) .
4. In te rc e p t ( in  E fo rm at), e x tin c tio n  -c o e ff ic ie n t ( in  E fo rm at), and 
d i lu t io n  fa c to r  ( in  F format) ( th e se  values a re  on c a rd ) .
5. N values o f absorbance and time (both a re  in  F foim at) .
6. A card  w ith  zero number a t  th e  end o f  th e  d a ta  stops th e  program.
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PROGRAM CK21
FASTER V Y Y Y 
DIMENSION TITLE (10)
DIMENSION X ( 10 0 ) r Y(10 0)
HEAL INTERCEPT # M E A N X 
2 READd » 7 0 0 ) T I T L E 
700 FORMAT(10 A 8)
R E A D d  , 8 0 0 ) N 
I F ( N. EQ. O. ) S10P  
W R I T E ( 2 W 5 0 ) T I T I  E 
750 FORMAT (1H1 » 1 0 A 8 )
800 FORMAT( 12)
WRITE( 2 * 8 0 5 ) N
805 FORMAT(1HQ»19HNUMBER OF POINTS = , 12)  
READd »8 0 1 ) ( X ( J )  fY(.J) * J = 1 » N)
801 FORMAT ( 6 F 0 . 0 )
WRITE( 2* 806)
806 FORMAT (1HO,5Xr4HTIMF »10X#3HK2T)  
WRI T E ( 2 # 8 0 7 ) ( X ( J ) , Y ( J ) , J = 1 , N )
807 FORMAT(1H0#F12.S#5X»F12.5)
SUMXrO.
‘ S U M Y = 0 .
S U M X X = 0 .
SUMYY=0.
5 U M X Y = 0 .
L OU
s n e v T  = o ,
• s d t V13 = o .
DO 1 J - 1  » N
S U M X = S U M X + X ( J )
SUNY=SUMY+Y( J )
S U M X X = S U M X X + ( X < J ) * * 2 )
S U N Y Y = S U M Y Y + ( V ( . ! ) * *  2 )
S U M X Y = S U N X Y + X ( J ) * Y ( J )
1 C 0  N T I N U E
SL0PE=(N*SUMXY-SUMX*SUMY) / (N*SUMXX-(SUMX**2) )
I N T E R C E P T S S U M Y / N ) - S L O P F * ( S U M X / N T  
W R I T E ( 2 » 8 1 0 ) S L O P E t I N T E R C E P T  
8 1 0  F O R M A T ( 9 H O S L O P E  = r F 1 2 . S r 3 X r 1 3 H O I N T F R C F : P T  := , F 1 2 . S )
CORRCOEF=(SUn| XY- ( ( SUMX* SUMY) / N) ) / SQRT( ( SUMXX- ( ( SUMX) * * 2) / N)  
* *  ( S U N Y Y S  ( S U M Y )  * * 2 > / H )  )
WRITE<2»fl20)CORRCOFF 
820 FORMAS* CORRFLATION COEFFICIENT = ' , F8. 5>  
MEANXsSUMX/FLOAT(N)
DO 5 J = 1 # N
CALCYbSLOPE*X(J)+INTE«CEPT 
SDEVT=SDEVT+(Y(J) -CALCY)**2  
-SDEVB = SDEVO+(X(J) -MF.ANX)**2 
5 CONTINUE
S S L O P E = S Q R T ( S D E V T / ( S D F V n * F i n A T ( N - 1 ) ) ) *
S Y  = S Q R T ( S D E V T / F L O A T ( N - 1  ) )
WR I T E ( 2 , 8 3 0 ) S S I O P R  , SY 
8 3 0 F O R M A S '  S T A N D A R D  D E V I A T I O N  OF S L 0 P F = ' , F 1 0 . 5 , 5 X» 
♦ D E V I A T I O N  OF Y *.  ' , M  0 . 5 )
GO TC 2 
3 STOP 
END
Order o f  da ta  fo r  program CK21
1. T it le .
2. Number o f  p o in ts  ( in  I fo rm a t) .
,3 . N values o f x and y ( in  F fo rm a t) .
4 . Two b lank  cards a t  th e  end o f th e  d a ta  s to p  th e  program.
s t a n d a r d
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